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ABSTRACT 

This report succeeds Reference 1 and describes the work performed for continued 
evaluation of MPD a r c  thrusters operating in the quasi-steady mode and using electrode 
vapor as the propellant. A primary goal of the program is to determine the performance 

with the desired environmental conditions, and most of this report deals with this effort. 
However, some preliminary performance data have been obtained, and are reported and 
discussed toward the close of this report. 

In order to resolve questions regarding the effect of ambient gas on performance, 
a high priority has been placed on testing at pressures low enough that the flow surround- 
ing the plume is in the free molecular regime. This is accomplished by using propellants 
that condense readily on the walls of the test chamber and vacuum system without the need 
for cryogenic cooling and by developing equipment and methods of testing that permit vac- 
uum in the chamber to be maintained while the thruster is removed and replaced. Repeated 
lengthy outgassing periods are thereby avoided. It is now possible rapidly to conduct tests 
with varying conditions and thruster geometries while maintaining an ambient pressure 
that is less than torr. 

A major part of the effort concerns the development of a propulsion system that is 
suitable for the test work. Precise measurement of total impulse requires that the com- 
plete capacitor bank be mounted on the torsional pendulum so that heavy conductors lead- 
ing to the pendulum are not needed. A compact capacitor bank using electrolytic capacitors 
and an innovative pulse generating circuit arrangement has been developed for storing ener- 
gies up to 5 kilojoules on the pendulum. Electromagnetic interactions with the environment 
are  minimized by the use of a vacuum chamber made of insulating material. To avoid ex- 
cessive interference with the measurement of a r c  current and voltage during a discharge, 
a low voltage contact type a rc  triggering system has been developed and coaxial leads with 
a coaxial shunt have been installed. 

rent and low mass 
a rc  by vaporization of material at the a r c  attachment point may have a beneficial effect on 
arc  stability, permitting smooth operation at high specific impulse even with storable pro- 
pellants of relatively high molecular weight. These studies have made clear the overriding 
need for  care and good technique in determining the electrode mass consumed in each dis- 
charge. In the absence of extensive precautions, hygroscopic effects distort, if  not 
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completely obscure the true mass determination, and all related performance estimates 
become equally invalid. 

The preliminary data indicate that these carbon arcs  have impedances of a very few 
milliohms, independent of the current over a range of 11 to 5 kiloamps. Their match with 
the capacitor line is such that some 70 percent of the initially stored energy is delivered to 
the electrodes. The mass con se is quite low, and roughly proportional to the 
S of over the d, leading to a nearly co t spec Ise s 

geometry for electromagnetic thrust optimization. 

The steps for direct improvement of both testing technique and thruster perform- 
ance a re  clearly defined by the studies completed to date. 
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1.0 INTRODUCTION 

This report describes the work performed under Contract NAS 1-10140 for continued 
evaluation of arc thrusters operating in the quasi-steady mode and using electrode vapor as 
the propellant. The body of the report is organized into four main sections, each of which 
deals with one of the b ed for the evaluation of quasi-steady thruster perform- 

environment, 
is 

of its subject without reference to  the other sections. Some repetition is therefore intro- 
duced for the convenience of the reader who is concentrating on one aspect of the discussion. 
The following pages summarize the findings that a r e  presented in the report. 

Results of recent experiments make it evident that for conclusive tests of a thruster 
destined to operate in space, the actual ambient pressure should be closely simulated. Be- 
cause of the erratic measurements obtained in different testing conditions in the past, a 
maximum working pressure of to r r  has been established as necessary. This low pres- 
sure  is needed to eliminate mass entrainment effects and to reveal unexpected operational 
difficulties that may occur in a, very high vacuum environment. In order to obtain this work- 
ing pressure it has been necessary to make some improvements in the totally insulated 
vacuum facility. A seco,nd stage diffusion pump has been added to reduce the backstream- 
ing of vacuum pump oil from the main diffusion pump in the unbaffled vacuum chamber. 
Special observation windows which can be changed without opening the vacuum tank have 
been developed. Possible methods of improving the vacuum level using cryogenic systems 
are under investigation. Techniques have been developed for introducing test equipment 
into the vacuum environment (and withdrawing equipment from the environment) without 
altering the pressure level in the test chamber. This greatly reduces the testing time 
needed when parts must be frequently removed for weighing or  alteration. 
been installed which allows tests with and without thrust measurement to be conducted sep- 
arately, thereby allowing better utilization of the vacuum facility. Special tools for im- 
proved manipulation of materials under vacuum have been developed. Difficulties experi- 
enced in the measurement of the ambient pressure, especially during an operative pulse, 
have led to extensive studies of more elaborate pressure measuring instrumentation. With 
the refinements that have been adopted so far, it has become possible to conduct all of the 

Equipment has 

The use of very low dance quasi-steady thrusters led to the 
lytic capacitors as the principal source of laboratory energy storage. It has been found 
necessary to use carefully designed pulse generating networks of compact construction to 
permit operation on the thrust stand at the desired energy levels. S es have been con- 
ducted to reduce the resistance of the connecting circuit elements while maintaining the 
inductance needed to shape the pulse by careful use of mutual inductance effects. It is well 
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known that the main drawback of electrolytic capacitors used in high current discharge is 
their characteristically high internal resistance. With energy densities about two orders 
of magnitude higher than equivalent paper capacitors, the losses associated with this high 
internal resistance produce overheating which becomes excessive for very rapid duty cycles. 
However, experimental studies of this condition show the electrolytic capacitors can be 
used to advantage for laboratory operation with a moderate duty cycle. The res 
study on possible ways of matching the low impedance of the a r c  also favors use of the elec- 
trolytic of one mill ses a 
three megawatts has been satisfactorily obtained with up to 70 percent of the initially stored 
energy being transferred to the a r c  electrodes. Capacitor banks capable of producing peak 
power three to four times higher a re  being studied. 

The techniques used to measure the electrical characteristics of the pulse have 
been improved permitting a reliable evaluation to be made of the important variables. Co- 
axial shunts have been developed which can be used with currents up to 50 kiloamps. The 
measurement of the net a rc  voltage has presented some difficulties which have not yet been 
completely resolved. 
control the operation and simplify the conduction of the tests. The complete package con- 
taining the capacitor network is enclosed in a cylindrical canister maintained at atmospher- 
ic pressure while operating in an ambient pressure of 
accessories a re  planned for improving the precision and speed of the measurements. Dur- 
ing thousands of discharges the operation of the pulse shaping network has been reliable 
with no failures experienced. 

Auxiliary instrumentation has been used to count the number of pulses, 

torr .  Additional automatic 

The use of electrode vapor as  the propellant was an outgrowth of the experience 
with more conventional gas-fed arcs  where electrode erosion appeared as a spurious and 
troublesome complication.(2) Carbon has been selected as an exceptionally attractive con- 
sumable electrode material because of its high vapor pressure, high operating temperature, 
low molecular weight, good sublimation characteristics, etc. A detailed analysis support- 
ing the selection is presented. The difficulties connected with the vaporization process and 
the emission of submicron particles are reviewed. The variation of the thermal and elec- 
trical characteristics along the various crystallographic axes appears to be an area of 
interest for further study. The possible use of pyrolytic types of graphite is considered, 
and the influence of the lattice orientation is 

ical analysis of thruster performance have been made. A relative 
gram is anticipated. 

A number of practical designs for the arrangement of electrodes in plasma heads 
a re  illustrated using a variety of triggering systems with high and low voltages. The re- 
sults of a simplified system where the electrodes a re  brought together by electromagnetic 
action producing the discharge without a separate triggering circuit a re  reported. Advantages 
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and disadvantages of the various triggering circuits are examined on the basis of test ex- 
perience. The experiments include the design and test of numerous electrode types which 
evolved during a long test period. Tables including dimensions, geometries, and types of 
material used for various front, back and triggering electrodes a re  presented. Among the 
types tested, conical electrodes with radial current feed seem to offer the best metal to 

m voltage drop due to resistance in the graphite. Various 
commercial graphites have been considered with densities between 1.6 to 1.9 g/cm , re- 

million. 

ite contact and the min 
3 

tivities 0.6 to 5.0 mi em and s r  6 to Per 

The measurement of electrode evaporation rates as a function of geometry, mate- 
rial, and power required a large fraction of the testing time. These tests were made at 
the specified vacuum level and required a large number of pulses (normally from 50 to 1000) 
to be made so that precision measurements of weight could be taken before and after opera- 
tion. The results a r e  tabulated for an initial capacitor bank charge of 400 volts correspond- 
ing to an average arc  power of 1 .5  to 5.0 megawatts for one millisecond. Evaporation rates 
range from 0.5 to 2.0 milligrams per pulse. The results at lower voltages and powers a r e  
not included because the measurement of the change of the weight at these low powers re- 
quires different procedures. The precise measurement of small evaporation rates requires 
the use of a precision analytical balance and dehydration of the samples before and after 
the tests. Tests now in progress are concerned with plasma heads that use low voltage 
triggering systems. With these configurations it has been found that the electrode evapo- 
ration rate is strongly affected by the spacing of the electrode, the type of triggering sys- 
tem used, and the electrode polarity. An understanding of these effects will require fur- 
ther work. 

The total energy expended in the millisecond part of the discharge appears to range 
from 40 to 70 percent of the energy stored in the capacitors, but further tests a r e  needed 
to accurately establish a breakdown of energy losses. The heat of vaporization of carbon 
(about 50 joules per milligram) appears as only a small fraction of the total pulse energy. 
A substantial number of tests is contemplated to understand and optimize the evaporation 
rate. 

The last major section of the report is concerned with the measurement of impulse, 
c interest in all our experiments, A torsional ballistic pendulum calibrated 

with a weight and pulley system is used. ficulties encountered in  the development of 
a reliable system capable of operating in the high vacuum environment are  described. The 
need for frequent weighing and replacing of the evaporating electrodes consumed a large 
amount of test time and required the development of unconventional techniques for speeding 
up the operation. These are described and the problems which still require solutions a re  
pointed out. Plasma heads can now be installed on the torsional ballistic pendulum or re- 
moved to the outside of the chamber without disturbing the high vacuum level. The tests 

The 

3 



for each operating point include a ser ies  of 100 identical pulses to establish the propellant 
consumption rate as well as a shorter series (in some cases a single pulse) for determin- 
ing impulse. At the end of the series the plasma head is withdrawn (without affecting the 
vacuum level) and the weight losses are determined to permit the calculation of the speci- 
fic impulse. This method is very precise and requires a relatively small total amount of 
time. However, when numerous secondary variations are required without basic changes 

ing base for the measurement of electrode evaporation rates. This procedure has been 
used frequently since it permits a substantial increase in the number of tests that can be 
conducted in a given time. The scale to read the pendulum deflection is calibrated in de- 
grees and minutes of arc. It moves with the pendulum and is read against a luminous in- 
dex mark. The calibration is conducted under vacuum by direct weight application. The 
actual sensitivity obtained is around 32 minutes deflection per gram second. A one gram 
weight was used with a typical application period of about ten seconds. A reduction of this 
weight would be desirable to permit an increase in the time of application, but this would 
require that the friction of the pulley'be reduced in proportion. A system to eliminate the 
pulley has been tested with good results and will probably be applied in the future. 

The extremely low pendulum damping in vacuum suggested the use of a procedure 
which we have termed "resonant pulsing." A single pulse is applied precisely at the zero 
point of each oscillation until the desired amplitude is attained. This eliminates the cor- 
rection factors that are required when all of the pulses are applied during a single swing. 
The repeatability and absence of damping effects in the instrument have been checked by 
adding and subtracting a given number of impulses which consistently returns the pendulum 
to its initial amplitude. While the development of operating methods is continuing, it is 
already apparent that a torsional ballistic pendulum which contains the complete propulsion 
system is a reliable instrument for pulsed thrusting devices. 

At the time this report was concluded, a test ser ies  at 100, 200, 300, and 400 volts 
initial capacitor charge had been completed for  just one plasma head. The measurements 
showed good reproducibility and are  believed qualitatively accurate, although further re- 
finement in the mass measurements may change the detailed values somewhat. The im- 

fell between 0.05 and 2.0 gram-se 
Per 

in the range of a few thousand seconds, and was quite repeatable at any voltage. The thrust 
scaled as  the square of the current, but was only about one-third of the ideal electromag- 

2 3 netic value. The J /I% parameter was nearly constant, but of the order of 10 , much 
higher than the values for gas-fed arcs.  The efficiency of energy transfer from the capaci- 
tor line to the electrodes reached 70 percent, but the overall thrust efficiency was quite 
low, as anticipated from the lossy and un-optimized electrode configuration employed in 
this series. 
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In summary, the program to date has largely been concerned with the development 
of thrusters and testing equipment that can be used to obtain satisfactory performance 
measurements. Initial performance results show that quasi-steady thrusters using con- 
sumable electrodes can operate in an attractive specific impulse range. Although the 
losses are high with present designs, it is evident that substantial reductions in at least 

rrnance as a 

establishing the performance potential of consumable electrode quasi-steady thrusters. 
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2.0 THE VACUUM ENVIRONMENT 

2.1 Maximum Acceptable Operating Pressure 

The importance of an appropriate environment in experimenting with space propul- 
sion is well established. The advantages of working under high vacuum conditions were 
recognized a number of years 

both in stea 
consisting basically of a 25- by 10-foot vacuum 

and have been confirmed by recent experimental in- 
and in pulsed operat 

material and connected to a 48-inch diffusion pump can be found in 
t ~ r e . ( ~ )  The next section will report on improvements that have recently been introduced 
in the facility. However, before describing these improvements, we would like to explain 
how a value was arrived at for the maximum acceptable operating pressure. Results of 
recent experiments make it evident that for conclusive tests of a thruster destined to oper- 
ate in space the actual ambient pressure should be closely simulated. Considering the 
graph of Figure 1 it is evident that even for modest altitudes the task is not trivial and can 
easily become completely infeasible when a small mass flow is introduced. Some degree 
of compromise is therefore necessary. For reasons which will be discussed next, a limit 
of lom6 torr  has been established as an operating condition that is attainable and can also 
give useful results. This corresponds to a modest altitude of 220 kilometers which is far 
from the desired simulation for most projected applications. However, it can be shown 

PRESSURE (MILLIBAR) 

Figure 1. Atmospheric Pressure in Millibars to 1000 Kilometers Altitude 
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to be quite difficult to maintain even this vacuum level in typical test conditions. (To give 
an idea of the difficulty, it is sufficient to say that the maximum mass flow of hydrogen that 
could be handled by a 48-inch diffusion pump at this pressure is about 1/100 of a milligram 
per second - see Figure 2. ) The primary reason fo r  working at pressures under lom6 torr 
is associated with the effects of mass entrainment (i. e. recirculation of the ambient gas). 

lar flow regime which reduces the risk of extrapolating measurements to lower pressures. 

4 

PROPELLANT FLOW (MG/SEC OF HYDROGEN) 

Figure 2. Number of 140,000 liter/sec Pumps Required for Torr Versus 
Mass  Flow; or  One Pump Pressure Attainable Versus Mass Flow 

The sec for at pr r lo-' torr is that the 
operation of the a r c  is markedly improved in a higher environmental pr 
tested successfully at higher pressure could turn out to be a complete failure when real 
space pressure is simulated. 

A third situation where higher environmental pressure can alter the test results 
has been found in the repetitive triggering of pulsed discharges. At very low pressures 
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an extremely high voltage is sometimes required to initiate the pulse and prevent irregular 
operation. Again, a successful test at higher pressure could be misleading. 

A final reason to operate at pressures under loe6 tor r  is found in the increased 
electrode evaporation that occurs when the pressure is very low. 
ence on electrode life as well as thruster performance. It is expected that many other 

cts will be discovered when limit of torr is 
laboratories. 

This can have an influ- 

As will be discussed in more detail in Section 4, "The Plasma Head," steady state 
operation with a continuous flow of propellant requires a very elaborate pumping system to 
provide the tor r  pressure level. When a substantial continuous mass flow is required, 
cryogenic pumping becomes necessary with the full surface of the vacuum chamber partici- 
pating in  the pumping operation. 
desirable, reaches its maximum complexity when hydrogen is used as a propellant and 
liquid helium is consequently needed. On the other hand, it becomes extremely simple 
when vapors that condense easily at room temperature are used, as for example evaporated 
solid substances (again see  Section 4). 

This approach, which is certainly the most efficient and 

In all these cases it is evident that the evacuation system becomes greatly simpli- 
fied if pulsed operation is adopted as was done in this investigation, because in the inter- 
vals between pulses the vacuum system can provide the necessary pumping to maintain the 

tor r  level. The condensation of the pulsed propellant on the cold wal ls  of the vacuum 
chamber is particularly convenient in the case of pulsed operation because the extended 
dimensions of the cold chamber surfaces participate to eliminate reflection of the sudden 
pressure wave produced by the pulse of evaporated mass (see Section 4). 

Because of the foregoing, a strong effort has been devoted to maintaining a working 
pressure that does not exceed t o r r  during all tests that relate to this investigation. 

2.2 Improvements in the Vacuum System 

Our insulating vacuum chamber described in detail elsewhere has been used exten- 
sively in recent years and is normally kept in operation 24 hours a day. The facility has 

rvice and to date has required no modifications. The 

few hundred to a few thousand liters/sec). For  economy reasons the facility does not have 
a main (48-inch) valve, a main door, o r  a cryogenic baffle. 

The lack of these important accessories produces some important drawbacks in the 
operation. In particular, backstreaming due to absence of a baffle introduces a certain 
quantity of oil vapor, making it difficult to reach the minimum pressure during hot days; 
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while lack of a main valve and a large door add to the difficulty of servicing the test  setup. 
However, estimates of the costs of introducing these desirable accessories a r e  so high that 
it will  not be possible to have them in operation for some time. In the meantime, methods 
have been found to remedy these deficiencies partially without incurring excessive expense. 

Because of the duty cycle adopted with pulses separated by fairly long intervals rel- 

improved the forepressure of the main pump at least an order of magnitude, with an appre- 
ciable reduction of the oil dispersion. Since this small pump produced satisfactory results, 
a new diffusion pump has been procured with higher pumping capacity. It is to be installed 
together with the existing one to obtain a further reduction of oil vapor in the testing cham- 
ber. 

The use of condensable propellants, together with a small amount of oil vapor in the 
chamber atmosphere, produce a gradual condensation of film deposits on the windows of 
the vacuum chamber. The film becomes heavy enough to affect seriously the quality of 
photographs taken through the windows. Since the chamber is in nearly continuous opera- 
tion, the deposits a re  difficult to clean out. To remedy this deficiency, a special window 
(Figure 3) has been designed which permits the rapid exchange of the transparent quartz 

Figure 3. Quartz Window That Can be Cleaned or  &placed 
Without Affecting the Vacuum Level in the Test Chamber 
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window which is normally exposed to the interior environment without opening the tank and 
without influencing the high vacuum level (see Section 4). The design is a simple one in- 
volving a flat valve which can be closed on the interior side of the window. It has been in 
service for over a year and has given very satisfactory results. 

Studies have been made of the use of a cryogenic baffle and of methods for cooling 
the external w s of the chamber, and it is planned e 
in the facility. An intermedi ution using a plas 

rying a refrige mixture has been 
as soon as time is available. This solution is also expected to have a beneficial effect on 
the condensation of the residual oil vapor as mentioned before, and on the vaporized pro- 
pellants as discussed in Section 4. 

2.3 Improvements in the Vacuum Manipulations 

The test procedure being used requires that the thruster be disassembled so that 
its components can be measured and weighed after each test o r  ser ies  of tests. This nor- 
mally makes it necessary to open the vacuum tank and withdraw the thruster. The immedi- 
ate consequence is the loss of many hours, and even days, before a second test can be ini- 
tiated because of the long time required to outgas the chamber and reach again the very low 
vacuum level (around lom6 torr)  required. This problem, which appeared early in the pro- 
gram, has been solved with a system which can withdraw the thruster without opening the 
vacuum tank. The system, which is now in use and giving satisfactory service, is des- 
cribed and illustrated in Reference 1. 

The concept is to reach the thruster inside the vacuum tank with a cylindrical tool 
which can slide through a vacuum-tight conduit with an "0" ring seal. The thruster is dis- 
connected from the thrust stand and clamped to the cylindrical tool with special wrenches 
controlled from a distance. It is then removed from the tank simply by removing the cylin- 
drical tool, which is larger in diameter than the thruster. A vacuum valve is used to close 
the opening before the tool is withdrawn past the "0" ring seal. This operation is illus- 
trated on page 40 of the above-mentioned reference. The reverse of this operation per- 
mits installation of a new thruster inside the vacuum tank while full vacuum is maintained. 

e full operation takes a 
to what is necessary te 

r of minutes, which is an extrern 

is still a considerable time loss when hundreds o r  even thousands of samples must be tested. 

To reduce this loss of time, the testing has been divided into two categories; i. e. 
with and without we  measurement of thrust. The first requires a longer installation time 
but constitutes only a small percentage of the total number of test runs, so a substantial 
gain of testing time is obtained. To permit this subdivision of the testing, two different 
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vacuum testing stations have been designed, each one complete and capable of receiving 
the same thruster geometry. 

Special outlets have been installed in the insulating vacuum tank at various angles 
to the chamber axis as illustrated in Figure 4. These permit rapid installation and removal 
of the thruster test and the determination of all performance parameters except thrust. 

uum pump permit evacuation of the space between the seal and the valve before the valve 
is opened. The installation of a thruster to be tested in one of these outlets requires only 
60 seconds, and a number of vacuum plug-in probes are available to permit a test sequence 
using different thrusters to be conducted quite rapidly. The advantage is that a thruster 
can be taken in and out of the chamber many times to determine electrode consumption 
rates at different power levels without an excessive loss of time. 

Figure 4. View of Showing t for 
of Plasma Heads When the Measurement of Impulse is Not Required 

When thrust must be measured, the thruster is mounted on the regular suspended 
enclosure which operates as 
in Section 5). Following the 

a ballistic pendulum (this is a self-contained unit as described 
methods described in Reference 1, page 40, a time of about 
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10 minutes is required, most of which is needed to assure  a stable electrical contact be- 
tween the thruster with its socket. To reduce that time, a new socket arrangement has 
been developed to assure  a very good contact in a fraction of that time. By separating the 
portion of the test  in which thrust is measured, it is possible to  install the thruster on the 
ballistic pendulum once and measure impulse for all of the desired test conditions before 
removing it again. 

ctions of a similar type have be 
re 1 of other equipm 

r- 

taken in and out of the tank at frequent intervals. This approach has resulted in a substan- 
tial reduction in testing time. 

2.4 Calibration and Measurements 

The measurement of the vacuum chamber pressure before, during and after the 
pulse in a range from to to r r  is extremely difficult. Some of the problems in- 
volved are listed below. 

The test chamber pressure is measured with an ionization gage. The measurement 
of pressure "before" the pulse involves the least difficulty because conditions are steady 
at room temperature and the composition of the residual atmosphere of the tank can be esti- 
mated o r  if necessary evaluated using a mass spectrometer type of instrument. The resid- 
ual atmosphere of the tank is composed of a mixture of gases and vapors which poses a 
problem since the calibration of the instrument is sensitive to the composition of the tank 
fluid. Unfortunately, instruments of this kind have not been calibrated in sufficient detail 
to cover the required range, but it seems likely thai this deficiency can be corrected in 
the future by extending our knowledge of the response of existing instruments. 

The most difficult measurement is one needed to determine the variation of tank 
pressure during the pulse period. In this case the sudden "explosion" of the vaporized 
propellant introduces a ser ies  of new parameters which can influence the measurement; 
for example, the increase in temperature, the presence of ionization and the expansion of 
completely different gases due to vaporization. These and perhaps other transient param- 
eters  present a continuously changing pattern in an interval lasting a fraction of a milli- 

e the detection recor variation of the tank pre  

The same situation is encountered to a lesser  extent after the pulse period during 
the gradual return to pre-pulse conditions. The recording of the pressure during this time 
can provide interesting information on the completion of the cycle and the recondensation 
of the vaporized propellant. 
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Our work in the recording of the vacuum chamber pressure and its variation during 
the pulsed cycle is still in a primitive stage. The effects of the sudden increase of temper- 
ature, ionization and vaporization during the pulse have been observed, but not interpreted 
quantitatively. Results, which are reported in the last part of this section, a r e  subject to 
the uncertainties discussed above. 

use of a regular cathode ray oscillograph is contemplated. Further work along these lines 
is considered useful for studying detailed characteristics of the pulse. 

2.5 Test Results on the Vacuum Chamber 

As mentioned earlier, the vacuum facility has been performing satisfactorily with 
nearly continuous operation during several years of service. An average vacuum level of 
4 x to r r  has been obtained and maintained repeatedly during periods when propellant 
is not added. During the night and the periods of non-testing activity, the main diffusion 
pump is operated in a standby position with the 100 liters/sec diffusion pump left in opera- 
tion followed by a 50 cfm mechanical pump. The vacuum level in the chamber remains 
practically unchanged with this configuration. During the summer when the temperature 
in the room containing the vacuum tank rises above 30°C, the vacuum level in the chamber 
is reduced to about 1 x 
uum chamber is contemplated for future applications. 

torr .  To avoid this, an economical cooling system for the vac- 

During pulsed operation, it has been found that the pressure in the vacuum cham- 
ber increases as the amount of electrical energy discharged in each pulse is increased (see 
Section 5.6).  Quantitative measurements of this behavior will be attempted as soon as prep- 
aration of a high speed oscillographic recording system is completed. Measurements of 
the distribution of the chamber temperature before, during, and after the pulse will also 
be attempted. 

The practical use of the "vacuum plug-in" probes has been tested successfully on 
hundreds of occasions with no incidents of vacuum loss. An automatic system is continu- 

0 hours in full 
for 10,000 hours in standby. 
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3.0 THE POWER SUPPLY 

3.1 The Energy Storage Medium 

The purpose of this program is to learn as much useful information as we can about 
the operation of quasi-steady MPD thrusters in a limited time period and with a limited 
investment. From this point of view, some of the components selected may not repre  
an optimum choice for practical applications. This may possibly be the case in the selec- 
tion of elec c c  ene n 
2.2, some discussion of the reasons for their choice can be found, but we would like to  
underline here again the main considerations that led us to their selection. 

The classical length of a quasi-steady pulse has been fixed somewhat arbitrarily at 
around one millisecond. One of the program goals is to operate with energies ranging from 
250 to 20,000 joules per pulse, which gives a peak power varying from 0.25 to 20.0 mega- 
watts. Considering an a r c  impedance around 5 milliohms and a similar total circuit resist- 
ance, the currents will vary between 5 and 50 kiloamps and the voltages between 25 and 200 
volts. Having decided to avoid the use of a coupling transformer to match the power supply 
to this extremely low impedance load, the most suitable energy storage media appear to be 
flywheel generators, storage batteries and electrolytic capacitors. For the sake of sim- 
plicity, economy and availability on the market, the last solution was adopted. It is evi- 
dent from the nature of the electrolytic capacitor that their adoption entails certain draw- 
backs including high internal resistance, limited maximum voltage, presence of an electro- 
lyte, limited working temperature, leakage current, etc. It is clear also that these draw- 
backs would preclude use of electrolytic capacitors (at the present state of the art) for 
routine space applications, except in  particularly fsvorable cases. 

However, their choice has proved to be quite advantageous from the standpoint of 
providing compact packages ranging from a few hundred to tens of thousands of joules at 
voltages ranging from 50 to 500 volts and with currents from 1 to 100 kiloamps, all from 
standard components available on the market on relatively short  notice. After several 
years of testing it is also evident that for  the moderate duty cycle used, their working con- 
ditions a r e  conservatively rated. Not a single failure has been recorded. For these rea- 
sons the original favorable opinion on the use of electrolytic capacitors for laboratory test- 
ing in  low impedance pulsed operation is confirmed and their use can be reco 

ications with similar goals. 

It is necessary, however, to be sure  that the duty cycle selected will not result in 
overheating of the capacitors due to their high internal resistance. To establish practical 
duty cycle limits, small capacitor banks were tested in special calorimeters and the capac- 
itor temperature variation was determined as a function of the energy per pulse and the 
pulse ser ies  duration. These tests a re  described in Sections 3 . 3  and 3 . 5 .  
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It is interesting to compare the volumes of the electrolytic and paper capacitors for 
the same operating voltages of 450 volts and energy storage of 100 joules as illustrated in 
Figure 5. The graphs of Figures 6 and 7 compare the specific weight and volume of electro- 
lytic and paper capacitors as a function of voltage. 

Figure 5. Volume of Electrolytic and Paper Capacitors for the Same Energy Storage 

The net superiority in weight and volume of the electrolytic capacitor cannot be con- 
sidered as an advantage for practical applications until some of the drawbacks of the electro- 
lytic type have been eliminated. While a substantial improvement may be considered as 
likely as the state of the art advances, a major difficulty that will remain using either type 
of capacitor at the very high current levels required, is the high resistive losses that occur 
in the connecting circuit. Reduction of these losses is an important task and will be con- 
sidered in the next section. 
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10 100 
D. C. Voltage 

1) General Electric 86F 161M - 32,000 pF at 40 V 
2) Sangamo DCMX 658023 - 5000 pF at 100 V 
3) Sangamo Type 500 - 4800 pF at 200 V 
4) Sprague Powerlytic 36D - 2500 pF at 350 V 
5) General Electric 86F246M - 1250 pF at 450 V 
6) Sprague Compulytic 32 D - 900 pF at 450 V 
7) General Electric 49F 1930G5 - 25 pF at 330 V a, c. (say 500 V d. e,) 

31 - 1 BF at V 

1000 

Figure 6. Comparison of Specific Weights of Some Electrolytic and Paper Capacitors 
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100 

10 

Figure 7.  Comparison of Specific Volumes of Some Electrolytic and Paper Capacitors 
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3.2 The Pulse Generating Network 

Experimental work with pulse generating networks has continued fairly steadily dur- 
ing this program. Although there are existing techniques for designing networks to gener- 
ate desired pulse shapes, we have an unusual requirement in the respect that the network 
must be exceptionally compact and light so that it can be mounted directly on the torsional 

m. A large amount of energy must be to a@sure that 

performance potential of this type of thruster as rapidly as possible, innovations have been 
introduced to permit high energies to  be stored in a small light package. Electrolytic 
capacitors housed in a pressurized canister were introduced in the initial phase of the pro- 
gram.(') Since that time, the study has focussed on reducing the large heavy induction 
coils used to shape the pulse with minimum resistive loss. To do this, a departure has 
been taken from the conventional ladder type network. 

ance, and the pulse duration 
following relations apply; (5) 

The circuit inductance and capacitance required is determined by the a rc  imped- 
desired. For  an ideal network with matched impedance, the 

which are sufficient to establish LN and CN if T and Zarc a r e  known. From self 
field theory, a r c  impedance depends primarily on specific impulse, and can be expected 
to be reasonably constant if  propellant flow is proportional to power (which tends to be the 
case when the propellant is electrode vapor). Test observations confirm that the average 
a r c  impedance is nearly constant for this type of thruster. It follows that the power level 
is simply a function of network voltage when the pulse is initiated, and does not affect the 
desired circuit characteristics. The desired network inductance and capacitance a r e  fixed 
quantities for a given thruster, and the network size can be reduced only by reducing the 

s that provide t inductance and capacitance. 

In a ladder type network, separate induction coils are used between each condenser. 
Ideally, a wave travels down the ladder, discharging the condensers in sequence. Most of 
the coils see  either full current o r  zero current. Induction effects a r e  important only in 
the region near the capacitors that a r e  discharging. Large heavy coils are needed to sup- 
ply the required inductance without flux linkages between them. On the other hand, if the 
circuit is deliberately designed to give maximum mutual inductance, it has been found 
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possible to obtain the required circuit inductance without using any coils. The bus bars  
connecting the capacitors can be arranged to provide enough inductance with little more 
conductor length than is needed to  connect the capacitors. The result has been a substan- 
tial reduction in size and weight combined with a simultaneous reduction in resistive power 
loss. Although the new circuits depart from the original ladder type of geometry, it has  
been found possible to  maintain pulse shapes very close to those given by the earlier net- 

s has been ae 

if the leads are arranged so  that the current in all of the leads circles about a center point 
in the same direction. Figure 8 illustrates how this would be accomplished in a simple 
case with three rows of capacitors. The f lux  linkage between the inner pair and the outer 
pair of conductors provides a mutual inductance effect that adds to the circuit inductance. 
Notice that the current in  all of the leads circulates in a clockwise direction, and the high- 
est current is in the outer pair of leads. 
in  a similar manner a re  shown in Figure 9. 

Some experimental networks which were designed 

I 1 

Figure 8. Arrangement of Conductors Connecting Three Rows of Capacitors 
in a Manner that Increases Network Inductance 

The shape of the loops formed by the conductors is also of importance. Approxi- 
mate expressions for the inductance of single coils is given, for example, in Reference 6. 
From these relations, the inductances of rectangular coils with the same perimeter but 

tors in a pattern that allows the conductor loops to be nearly square - or  better still, nearly 
circular. 

Another conclusion can be drawn by examining the form of the above equations. In 
both expressions the inductance is seen to be proportional to the size, or a characteristic 
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Figure 9. 5000- oule Capacitors owing Connections for Variations of 

0 



Perimeter (P) = 2a + 2b 

0.2 

dimension of the coil, while at the same time it is proportional to the square of the number 
of turns. By stacking the capacitors as closely together as possible, it may be possible to 
reduce the size of the loops with a corresponding increase in the number of turns that are 
used in forming the connections. The result would be a net increase in inductance. An ex- 
perimental network using a closely packed spiral pattern of capacitors is shown in Figure 
11. With circuits that depend on the bus bar geometry for inductance, pulse shaping is ac- 
complished by moving the connection point of the flexible capacitor leads to  different loca- 
tions on the bus bar. When the connection spacing is widened, more of the bus bar is uti- 

the rail and s r- 
ence 1. The effect is, of course, complicated by mutual induction and would be tedious to  
evaluate analytically; however, the experimentaf approach was found to be reasonably 
tractable. 

d . The action is 

L Rectangular 
L Circular 

I 

The value of the impedance of the a rc  discharge is typica;lfy around 5 milliohms o r  
less. To avoid excessive resistive loss, it is necessary for  the total circuit resistance to  
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Figure 11. An Experimental Pulse Generating Network With Capacitors Closely Packed 
in a Spiral Pattern to Allow Connections that Increase BUS Bar Inductance 

be a small fraction of that value. To accomplish this, heavy conductors are required. The 
weight of the pulse generating network as well as its volume can be reduced substantially by 
carefully designing the circuit to minimize the length of conductor required to join the ca- 
pacitors and provide the necessary inductance. The importance of the copper bus bar weight 
can be shown best by an example. Consider a bank of 60 capacitors with a conductor length 
between capacitors of 10 centimeters. The total length of the positive and negative conduc- 
tor (with no separate induction coils) is 1200 centimeters. Taking a resistance of 0.25 mil- 
liohrns for the conductor (5 percent of the arc impedance at the least), the cross section of 
copper needed is given by: 

2 = 8.28 cm - A =  - 

which for a constant area bus bar would give copper weight equal to; 

weight = 1200 cm 8.28 cm2 0.00889 kg = 88.3 kg 
cm2 
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For comparison, the capacitors weigh 0.86 kg each o r  a total of 53 kilograms. The capaci- 
tor bank must fit into a canister of limited size (it must be passed through a 20-inch port 
for installation). This requirement, combined with the large mass of copper required to 
keep the losses acceptable, has made it necessary to make a rather careful study of the de- 
sign of the pulse generating network. 

used during a pulse so that the effect of power on performance can be assessed. Power 
can be increased either by shortening the pulse duration o r  by increasing the size of the 
capacitor bank (and its operating voltage). Since the quasi-steady philosophy requires a 
pulse duration of the order of one millisecond to provide steady operating conditions for a 
large fraction of the pulse duration, it was decided to enlarge the capacitor bank. The ini- 
tial experiments reported in Reference 1 used a capacitor bank of about 20,000 microfarads, 
and a compact arrangement has been developed so that the enlarged bank can still be housed 
in the gas tight canister that serves  ag the inertia element of the torsional ballistic pendulum. 

Actually, capacitors are on hand to provide a four-fold increase in pulse energy 
(200,000 microfarads), but it has been found impractical to mount a network this large on 
the platform of the pendulum. It is essential to house the capacitors in a pressurized en- 
closure to prevent shortened capacitor life and reduced vacuum capability due to evapora- 
tion of the electrolyte, and to avoid accidental arcing between leads. A pressure of one 
atmosphere is used which requires a compact cylindrical canister to withstand the pressure 
difference. There is a practical limit to the s ize  of network that can be housed in this can- 
ister. Work is continuing on the setup for testing with a 200,000 microfarad capacitor bank. 
Initial tests will  be made without impulse measurement. Details on this work can be found 
in Section 5.3. 

A major part  of the work on the pulse generating network has been directed toward 
developing a package that gives the required pulse shape and is still compact enough that a 
60, 000 microfarad unit will fit into the canister. 

3 . 3  Improvements in the Instrumentation 

in a 
section. Numergu 

tion on the principal operating parameters from the sealed package to the instrument panel, 
as for example the charging current and voltage, the inside pressure and temperature, dis- 
charging current and voltage, the number of pulses, the triggering signals and their values, 
etc. 
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Some of these connections are straightforward while others are more critical, de- 
pending primarily on the level of the output signal. Difficulties have been encountered with 
low level signals (such as the millivolt signal from the discharge current shunt) because of 
radio interference and parasitic circulation between the grounded parts. This particular 
circuit required a considerable amount of experimental work before the desired accuracy 
was achieved. Most of the measurements must, of course, be conducted during the high 
current discharge period when high frequency oscillations, over- 

tion circuits. Although further improvements can be made, the quality of the measurements 
obtainable with the present circuiting is sufficient to assure  reproducible readings. 

Most of the delicate readings are taken with cathode ray oscillograph recorders, 
working quite far from the position where the signals originate. These instruments have 
their own ground connection, and some difficulties have been found in the inevitable unbal- 
ance of these grounds. Balanced symmetrical and ungrounded oscillograph connections 
would have been preferable, but it was not possible to procure new instrumentation. This 
obliged us to eliminate the ground at  the remote side whenever possible. 

Another important difficulty which was not completely solved is the measurement 
of discharge voltage at the tip of the electrodes. This measurement would have required 
multiple connections located in  the hot region of the discharge. To obtain an accurate de- 
termination with the existing connections, a correction factor must be applied taking into 
account the drop of voltage in the last part  of the a r c  circuit, most particularly along the 
carbon electrodes themselves. 

When it is desired to measure the current in very short electrical pulses, a com- 
mon technique is to use a current transformer or  Rogowski coil(') to give a signal propor- 
tional to the rate  of change of current. In essence, interference effects a r e  utilized to pro- 
vide the measurement, so  the effects do not have to be eliminated. A disadvantage is that 
the signal must be integrated to determine the value of current. This complicates the cir-  
cuitry and can introduce additional e r ro r s  - particularly near the end of a long pulse. A 
conventional shunt is therefore more satisfactory when one can be used without difficulty. 
With quasi-steady thrusters the pulses a r e  long enough that it is practical to obtain accu- 
rate measurements with a shunt. The decision was therefore 

signal to high frequency components. 
nts and circuit arrangements that will minimize the resp e of the current 

Figure 12 shows the original shunt used. This is a standard 500-amp, 50-millivolt 
unit. A momentary 10,000-amp discharge there produces a signal of one volt. This resis- 
tive loss is acceptable and the pulses a r e  short enough that the shunt does not overheat. 
The advantage of the high resistance shunt is a greatly improved signal to noise ratio. 



Figure 12. Conventional Shunt Adapted for Attachment of Coaxial Cable 

The disadvantage is that the high resistance of the shunt enters as an appreciable percent- 
age in the total connecting network resistance increasing the total losses somewhat. Other 
solutions a r e  therefore being considered. The brass bar attached to the shunt is a fitting 
for connecting a coaxial lead. The bar also compleies the circuit joining to  the other side 
of the shunt and forming a loop of minimum size. Some interference is picked up by this 
remaining loop. 

Recent studies(79 8, have demonstrated that shunts can be constructed with extremely 
low inductance. To further refine the pulse current measurement, the coaxial shunt shown 
in Figures 13 and 14 was constructed. The arrangement is basically identical to that shown 
in Figure 6 of Reference 7. The current to be measured passes up through the outer cylin- 
der and back through the inner cylinder. The inner cylinder is the active element of the 

of 2 x low4 ohms p r  
mentation leads are coaxial and pass down the center of the inner cylinder connecting to 
either end of the shunt section. This forms a torus shaped conducting path resembling a 
current transformer between the connections. The two cylinders carrying current in oppo- 
site directions have the effect of cancelling the magnetic field produced in the space occu- 
pied by the instrumentation leads so that with truly uniform current distribution no inter- 
ference effects would result. True symmetry of the coaxial elements would also lead to 

nt. It is constructed of c e temperature effects and has a resis 
cing a signal of 2 volts when the current is 10,000 a . The instru- 
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Main Current Flow 

Figure 13. Schematic Arrangement of the Coaxial Shunt 

Figure 14. The Coaxial Shunt 
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insensitivity to changing magnetic flux originating in other (unsymmetrical) parts of the cir-  
cuit. To minimize possible residual effects, the shunt terminals are arranged so  that con- 
necting conductors can be branched in a pattern that is symmetrical about the shunt axis. 

As pointed out in Reference 7, it is desirable to have the resistive element of the 
shunt thin compared to the s 

thin cylinders have reduced 
exa , if 

per second, we find: 

skin depth = 

An examination of the relations between resistance ratios and conductor geometries shows 
that a thin walled cylindrical conductor with wall thickness equal to the skin depth would 
introduce an e r r o r  of about 10 percent, while the use of half that thickness would reduce 
the e r ro r  to around 2 percent. In our application this accuracy can be obtained in combi- 
nation with the desired shunt resistance by using a tube 3 cm long, 1.43 cm in diameter and 
0.167 cm in thickness. Thin foil type shunts are not required for the measurement of pulses 
one millisecond in duration, 

Leads for sensing a r c  voltage a r e  connected directly to the thruster electrodes to 
minimize line drop errors ,  which a re  appreciable with the high pulse currents. Interfer- 
ence effects a r e  less of a problem for this set of leads because the signal is the full a r c  
voltage (25 to 120 volts). Nevertheless, coaxial leads a r e  used except for the short section 
needed to span between the electrodes. Since the voltage level is moderate and the RC re- 
sponse time of the leads is short compared to the pulse duration, there a r e  no unusual prob- 
lems associated with the measurement of pulse voltage. 

Current and voltage signals during the pulse a r e  recorded by photographing the 
screen of a dual trace oscilloscope. The sweep of the oscilloscope is triggered from the 
a rc  triggering circuit which gives satisfactory timing. It w a s  found that a signal from the 
pulse generating network starts the sweep a little late so that part 
rise is lost se. On , a signal fr 
pulse would start the sweep too soon because of the time delay in the electr 
a r c  triggering device. A signal from the a rc  triggering circuit is obtained using a ring 
type transformer around one of the conductors in that circuit. 

As pointed out in Section 3.1 (page 14), it is considered desirable to measure the 
losses and heating rates for the electrolytic capacitors used in the pulse generating network. 
Two approaches have been adopted: 1) a separate calorimeter (as described below), and 
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2) a direct measure of the temperature rise of the capacitors in the suspended canister of 
the ballistic pendulum. 

In the first case, the capacitor (or capacitor bank) to be tested is enclosed in a cali- 
brated calorimeter (Figure 15) and repetitively discharged under particular working condi- 

heating than would be expected in actual service. The rise in temperature after a certain 
elapsed time or  after a certain number of discharges is correlated with the rise of temper- 
ature produced by internal resistors under steady known d. c. power. Results allow pulse 
duty cycles to be selected that will not result in excessive heating of the capacitors. At the 
same time, information is obtained on the fraction of the pulse generating circuit loss that 
can be attributed to the capacitors. Tests have also been made comparing losses generated 
by electrolytic and paper capacitors so that a comparison can be made of efficiencies ob- 
tainable with the two types of capacitor banks. 

Figure 15. Calorimeters to Compare Total Losses of Paper (A) 
and Electrolytic (B) Capacitors (500 Microfarads) 
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With the second method the canister itself is used as a calorimeter with internal 
temperature sensors. In this case the real quasi-steady working conditions a r e  used. Ini- 
tial results of these tests are presented in Section 3.5. 

A number of thermocouples a re  distributed in strategic points in the bank of capaci- 
tors  and a r e  used to follow the temperature rise during operation. An improved setup has 
been designed for  future work with each capacitor havi 
face. A timed rotating switch connects the various thermocouples to a 

and eventually will permit differences in the operating current in various parts of the puls- 
ing network to be detected. 

At present, the charging current and voltage is read visually from meters on the 
panel. The voltage at the time that the pulse is initiated is determined by the operator who 
presses a button when the capacitor bank voltage reaches the desired value. The interval 
between pulses is controlled by regulating the charging current which is done with a vari- 
able resistor, so the measurement of charging current at the beginning of each cycle is a 
useful parameter for setting up reproducible test conditions. Since the interval between 
pulses is never more than a few seconds, a certain amount of operator skill is required in 
pressing the triggering button at precisely the same voltage for each pulse in a ser ies .  It 
is planned to substitute an automatic system to perform this function in the near future to 
improve repeatability and allow a more precise determination of capacitor bank voltage 
when the discharge is initiated. 

The structure of the power supply block is extremely rigid, but the electrodynamic 
forces during the maximum power discharge are also quite appreciable. A ser ies  of tests 
have been programmed to study the mechanical deformation of the canister during discharges 
and to minimize its effects. 

The charging power supply consists of two 320-volt, 12 kilowatts continuous duty 
rectifiers in series.  Even at the designed maximum discharge rate of one second these 
units have more than adequate capacity. A variable power resistor is provided in ser ies  
with the rectifiers to permit precise regulation of the charging time. With the present cir- 
cuitry, the charging current is limited by heating of the flexible connections to the rotating 
canister which is only 1 . 0  millimeter in diameter to reduce disturbing effects on the damp- 
ing of the pendulum. 

3 . 4  Calibration and Measurements 

The most time consuming work done in this section was for obtaining the desired 

This work resulted in the selection of a 
shape of the pulse discharge. 
trolytic capacitors with their connecting leads. 
complete package that gives satisfactory performance (see Figure 9). 

This was done by testing various arrangements of the elec- 
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First of all, a single electrolytic capacitor was considered with a nominal capacity 
at 450 volts of 900 microfarads. Since the capacity of electrolytic capacitors increases as 
the working voltage is lowered and since our maximum testing voltage is 400 volts, we have 
usually considered the average capacity to be 1000 microfarads for calibration and testing. 

Four standard testing and calibrating voltages have been selected at precisely 100, 
volts which provides approximately a doubling of the energy s 200, 300 and 

tween one value and the next. The first tests were ma 

havior at the four fixed voltages with two oscilloscope sweep speeds (50 and 20 microsec- 
onds) is shown in Figure 16. Figures 17 through 19 show the same behavior for 2, 4 and 8 
capacitors in parallel, all having the same intermediate inductance. 

rging head in vacuum 

Next, six groups of ten capacitors, with each group connected in a parallel line and 
joined in the manner previously described to increase mutual inductance, were tested at 
the same four fixed voltage levels of 100, 200, 300 and 400 volts. The resulting discharge 
curves for voltage and current a r e  illustrated for 200 and 100 microsecond sweeps in Fig- 
ure 20. The change in scale to 10 kiloamps/cm for current and 200 volts/cm for voltage 
should be noted. Figures 21 through 23 illustrate the effect of increasing the inductance 
of the network by modifying the connecting lines for the same group of capacitors. 

Finally, the distribution of small groups of capacitors was altered to further im- 
prove the shape of the discharge, This gave the pulse shown in Figure 24. It should be 
noted that while the scale for current remains unchanged at 10 kiloamps/cm, the scale for 
the recorded voltage has been 100 volts/cm while its origin has been shifted to the lower 
baseline (the same as used for the current trace). Additional improvements in the pulse 
shape could be obtained by further refining the distribution of inductance, but for reasons 
of time, the curve illustrated was considered acceptable. The repeatability of these re- 
cordings has been good enough to permit small differences in the shape of the discharge to 
be detected. The right column shows the discharge obtained with Plasma Head No. 3 while 
the left column shows the discharge obtained with Plasma Head No. 1, as described in 
Section 4. 

Tests to determine reproducibility have been conducted and the recorded curves 
are superimposed so exactly that it has been concluded that it is only necessary to make 

for each series during a performance test. 

The voltage recorded in the preceding pictures must be corrected to allow for the 
IR drop in the electrodes between the points where the instrumentation leads connect and 
the a rc  attachment points. The size of the correction depends on the electrode shape and 
the current. 
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a. 100 Volts, 50 pS/cm 

b. 200 Volts, 50 pS/cm 

d. 400 Volts, 50 pS/cm dP. 400 Volts, 20 pS/cm 

Figure 16. 1000 pF Cur ren t  v s  Voltage at 1100, 200, 300, 400 Volts (50 and 20 pS/cm) 
Voltage 100 V/cm (Upper Curve), C u r r e n t  5000 A/cm (Lower Curve) 
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c l .  300 Volts, 

00 Volts, 50 p,B/cm 

oltage a t  100, 200, 380, 400 Volts (BO 
Voltage 100 V/cm (Upper Curve), Current 5000 



a. 100 Volts, 50 pS/cm al. 100 Volts, 20 pS/cm 

b. 200 Volts, 50 pS/cm b l .  200 Volts, 20 pS/cm 

c. 300 Volts, 50 pS/cm c l .  300 Volts, 20 pS/cm 

d. 400 Volts, 50 pS,/cm d l .  400 Volts, 20 pS/cm 

F igure  18. 4000 pF Cur ren t  v s  Voltage at 100, 200, 300, 400 Volts (50 and 20 pS/cm) 
Voltage 100 V/cm (Upper Curve), Cur ren t  5000 A/cm (Lower Curve) 
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b. 200 Volts, 50 pS/cm b9. 200 Volts, 20 pS/cm 

c, 300 Volts? 50 pS/cm c l .  300 Volts, 20 pS/crn 

d. 400 Volts, 50 @/cm d l .  400 Volts. 20 ,US! ~ 1 x 1  

F igure  19. 8000 ,uF Cur ren t  v s  Voltage at 100, 200, 300, 400 Volts (50 and 20 pS/%m) 
Voltage 100 V/cm (Upper Curve),  Curren t  5000 A/cm (Lower Curve) 
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igure 23. 60,000 pS ( 

Voltage 200 y/cm (Upper Curve), Cur 
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Until the commutator f o r  the thermocouples becomes available to permit the meas- 
urement of the temperature of any single capacitor, the temperature is being measured at 
the top of the suspended canister and in the central zone where capacitor temperatures a r e  
believed to be highest. The thermocouple readings are referenced to an ice bath. 

The inside pressure of the canister is initially the 
and is read with a prec 

tors  a r e  performed in a normal manner and do not present any problems. A system is be- 
ing designed to initiate triggering of the main discharge automatically as soon as the desired 
test voltage is reached during the charging period. 

The measurement of the signal that triggers the oscilloscope sweep is useful to per- 
mit accurate regulation of the strength of the signal. This assures a consistent response 
from the oscilloscope as plasma head characteristics are changed. 

3.5 Test Results on the Power Supply 

The total weight of the quasi-steady power supply for the nominal 5000-joule dis- 
charges is about 140 kilograms (308 pounds). Its final dimensions when enclosed in the 
protective atmosphere canister a r e  a length of 107 centimeters (42 inches) and a diameter 
of 48 centimeters (18 inches). The weight and dimensions of the propellant and thrust gen- 
erating head are not included but are considered in Section 4.5. 

During about one year of continuous testing, the number of discharges at full volt- 
age exceeded 10,000 with no evidence of variations in the performance of the system. Volt- 
age and current traces taken now a r e  essentially identical to those recorded when the sys-  
tem was first  put in service provided the same discharge head design is used. During this 
period no failure has been detected in any component, which speaks well for the reliability 
of the electrolytic capacitors used. 

With an initial charge of 400 volts, the discharge current varies between 25 and 30 
kiloamps for a good portion of a millisecond, depending on the geometry of the electrodes 
used. A standard test se r ies  consists of 100 discharges, 
maxi te ature in the canister is very small. With 
in Section 3.3, extensive tests have been conducted to obt 
of the 1000-microfarad electrolytic capacitor used in our pulsing network. Repetition 
rates from 1/4  second to  4 seconds have been included. The tests a r e  continuing to cover 
different capacitors and a wide range of operating voltages. When operating at one pulse 
per second, and at charge levels of 200, 300 and 400 volts, the number of pulses required 
to reach a temperature of 50°C was 4500, 1200 and 700, respectively. 
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4.0 THE PLASMA HEAD 

4.1 Use of Electrode Vapor for Propellant 

To date all plasma propulsion experiments (we can say all plasma acceleration ex- 
periments) have unavoidably used a mixture of propellants instead of a single one. In gen- 
eral, the propellants are: 1) the main or nominal propellant (generally a gas) injected in 
known ities in the arc zone, 2) the residual atmosphere in the vacuum environment 
where 0s are conducted, 3) the vapors ablated fr 
portions depending on power density and geometry, and 
solid insulation separating the electrodes. The proportions of these four often extremely 
different propellants depends on the test parameters in a manner that is difficult to predict. 
For many years this has introduced serious difficulties in the measurement of performance, 
and made the confirmation of related analytical work nearly impossible. To avoid the great 
number of variables involved, the ideal solution would be to eliminate the parasitic propel- 
lants, 2, 3 and 4, and use only the main propellant, 1. However, this is extremely diffi- 
cult to accomplish, particularly when the power input is at a high level. Even for low pow- 
er tests the following steps are necessary: the first propellant must be metered with good 
precision; a vacuum environment at  pressure not over l o m 6  to r r  (possibly torr)  must 
be used to eliminate the second propellant; highly refractory electrode materials with very 
low current density and extremely good cooling must be used to eliminate the third propel- 
lant; and ceramic insulation located as far as possible from the plasma zone, protected 
from radiation and very well cooled must be used to eliminate the fourth propellant. 
even when all these precautions a r e  taken, it is evident that some undesired material will 
remain. Consider, for example, the precise metering of the first propellant, assuming 
for the time being the successful elimination of all the other propellants. While the quan- 
tity of the first  propellant fed to the thruster can be metered with the required precision, 
two reasons to question the performance measurements remain: 1) not all the gaseous 
propellant fed to the thruster goes through the heating zone, but part escapes and diffuses 
in the vacuum environment through other paths, and 2) when pulsed operation is neces- 
sary, the synchronization of the pulse of gas with the pulse of current (in the microsecond 
range) is extremely difficult. 

4) the v 

But 

Regarding the elimination of the second propellant (i. e. the recirculation of the 
ber  atmosphere) by maintaining 

when a flow of lem becomes more complic 
maintain a pressure level of 5 x 
per second requires either a cryogenic pumping system using liquid helium or  about 100 
large diffusion pumps, each having a capacity of 140,000 li ters per second (see Section 
2.1). The capacity needed increases in proportion as higher flow is used. Studies have 
shown that the cryogenic solution is the most practical when a large flow is necessary and 
becomes more attractive when the propellants used in the tests a r e  more condensable. It 

t o r r  with an average flow of one milligram of hydrogen 
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is evident that the maximum economy and efficiency can be achieved with propellants that 
are easily condensable at room temperature (i. e. those with high vaporization temperature). 
The need to eliminate the influence of residual chamber atmosphere during thruster tests 
is becoming more widely recognized. In our opinion, it is essenital if useful performance 
measurements are required. 

ete elimination of the third propellant (i. e. the vapor emitted by the hot 
electrodes) is also a difficult problem to solve and practically no solution is 
very high power density is used. When the electrodes 
uous evaporation of the conducting surfaces next to the high temperature plasma, takes 
place. The consumption of the electrodes in these cases is such a common event that the 
"life" of the entire system is normally related to the electrodes' ablation. Only at extreme- 
ly low power levels and with elaborate cooling of the electrodes it is possible to eliminate 
the metal vapors from the operative picture. Spectrographic records invariably show the 
presence of electrode material in the jet and give evidence of the difficulty of completely 
eliminating these vapors. 

Nearly complete elimination of the fourth propellant (i. e. of the vapor emitted by 
the insulating material separating the electrodes) can be achieved without serious difficul- 
ties. A thruster is needed that is carefully designed to keep the insulators in a region of 
lower temperature. The use of highly refractory insulating materials such as quartz o r  
ceramics can also be helpful. However, a careful analysis is required. It is well known 
that some insulating materials, such as "Teflon," are so easy to evaporate under plasma 
thermal action that practical propulsive systems using Teflon vapor as propellant have been 
developed and successfully used. A completely opposite technique must be followed to eli- 
minate completely vapor emitted by the insulating material. 

To obtain reliable data on the performance of plasma thrusters fed with gaseous 
propellants (propellant number one), we  see that it is necessary to essentially eliminate 
the presence of the environmental atmosphere (propellant number two), the electrode va- 
pors (propellant number three), and of the insulator vapor (propellant number four). Clear- 
ly this can only be accomplished with great technical difficulty. It is evident, however, 
that any one of the four mentioned propellants can be considered as the main propellant 
which would require the elimination of the other three. An example of this possibility is 
offered by the practical utilization of the Teflon vapor as a propellant. The following table 
indicates the degree of difficulty involved in eliminating the other three propellants when 
each of the four is selected as the main propellant. 

The table shows that less difficulty would be expected with propellant three than 
with propellant two, and that either of these propellants should be easier to use than propel- 
lants one o r  four. Because the practical use of the environmental atmosphere as propel- 
lant would be limited to low altitudes, it appears that electrode vapor is the most attractive 
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TABLE I 

Electrode vapor 

Main 
Propellant 

1. Gas 

2. Environmental 

3. Electrodes 

4. Insulators 

x Insulating vapor 

Propellants to be Eliminated 
(x Easy, Very Difficult, o Difficult) 

o Environmental 

Electrode vapor 

o Environmental 

x Gas 

x Gas 

x Gas 

x Insulating vapor 

o Environmental 

Electrode vapor I x Insulating vapor I 

choice. Its use permits the elimination of the remaining three propellants with minimum 
difficulty. Further effort has therefore focused on the use of electrode vapor. 

The main feature that distinguishes the work described in this report from experi- 
ments with quasi-steady MPD thrusters being conducted at  other laboratories is that the 
activities described here a r e  concerned with thrusters that use electrode vapor for the pro- 
pellant. Emphasis will therefore be placed on thruster characteristics that result from 
this feature. 
sumable electrodes aside from those that have just been discussed. These include improved 
performance and the possibility of longer electrode life via more uniform ablation and con- 
tinuous electrode replenishment by external feed, as well as the ability to essentially elimi- 
nate extraneous interaction effects that seriously reduce the confidence that can be placed 
in test results. 

There are a number of advantages that evidently result from the use of con- 

Since the electrodes a r e  cooled ablatively, the electrode cooling problem is relieved. 
Electrode fall losses serve the useful function of vaporizing the propellant rather than simply 
introducing more heat that must be disposed of by a cooling system. 
is  needed to permit attachment of electrodes to cooler insulators and power leads, and to 
regulate the rate at  which propellant is vaporized so that the desired specific impulse can 
be maintained. Consumable electrodes provide an  effective means for introducing highly 
storable propellants into the arc.  In fact, the vapor is introduced precisely at  the hottest 
region of the a r c  foot, a feature that would be impractical to provide with other propellant 
feed systems. The advantages of this feature will be discussed later. As the electrodes 

is readily achieved. A final and very important advantage of ablative cooling is the marked 
reduction in thermal s t ress  that results from the fact that the heat is largely absorbed at 
the location in which it is released. The amount of conductive cooling required can be kept 
low so that the temperature gradients and thermal s t resses  for steady state conditions will 
be moderate. Transient thermal s t resses  can also be niininiized by preheating the elec- 
trodes or  by increasing power in a programnied manner when the a r c  is started. 

Some cooling capacity 

y a r e  continuously r nished by a feed system so  that an exte life 
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The use of electrodes that ablate is believed to be particularly advantageous when- 
ever difficulty is experienced in maintaining adequate and uniform ionization of the propel- 
lant. For example, in devices designed to have most of the electrical discharge outside of 
the thruster (no enclosed a r c  chamber) it has been found difficult to maintain a discharge 
that is entirely in the external gas because the propellant is not readily ionized after it is 
released in the low density space surrounding the electrodes. &en when a stable discharge 
can be maintained, only a fraction of the gas s t ream is ionized by the c 
Remaining portions a r e  not contained by the magnetic nozzle or accelerated 
netic effects. This gas spreads rapidly and escapes from the active region with a minimum 
contribution to thrust. 

4.2 Graphite for Evaporating Electrodes 

One of the problems encountered, especially at high energy levels, is that the elec- 
trode material expelled as propellant tends to be only partially vaporized leaving in the jet 
a fraction of the material in  the form of minute particles at temperatures lower than the 
melting point (spitting). 
of the vaporized portion and the test measurements show a corresponding reduction in over- 
all performance. 
use of materials that vaporize by sublimation. 

The velocity of these particles is not comparable to the velocity 

To circumvent this difficulty, it has been decided to concentrate on the 

The advantage of using a material that sublimes and has good thermal shock resist- 

Figure 5 of Reference 1 shows electrodes of a number of materials follow- 
ance was clearly illustrated in a ser ies  of comparative tests conducted during the preceding 
report period. 
ing operation for identical duty cycles. 
and retain their original smooth geometry much better than any of the other electrodes tested. 

The graphite electrodes show much less erosion 

Based upon numerous tests, graphite appears to be one of the best materials for this 
purpose. It has been found to sublime without conspicuous spitting a t  the highest levels of 
discharge energy. Figure 25 shows the plume during a pulse with tungsten electrodes in 
use while Figure 26 shows the plume obtained a t  the same energy level with graphite elec- 
trodes. High speed motion pictures of the electrodes have shown that the spitting observed 
with tungsten or copper electrodes is caused by the formation of droplets of molten metal 
that a r e  carried downstream before they can vaporize. This mechanism is eliminated when 
graphite electrodes a r e  used. 

It is difficult to judge the fraction of material lost as solid praticles from observa- 
tions of the plume. A comparison of measured impulse and measured jet velocity could 
give an  indication, but usable data of this type a r e  not available at  present. However, 
plausible limits can be established by simple calculations. The maximum particle size 
used in  the formation of the graphite for the electrodes is 0.001 inch (25 microns). Judg- 
ing from the pore size quoted (0.2 to 0 . 7  microns), it is inferred that gaps must be filled 
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Figure 25. Plume From Tungsten Electrodes Showing Sputtered Particles 

Figure 26. Plume From Carbon Electrodes Showing Blue Color of Carbon Gas 
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by smaller particles ranging from 1.0 to 5.0 microns for the minimum size. If the spit- 
ting observed in the carbon vapor plume is assumed to all be formed of particles of the max- 
imum size (25 microns) a mass of 18.5 x milligrams is estimated for each particle. 
Even if a hundred particle traces were observed during a pulse, the total mass represented 
would be only 0.00185 milligrams which is a fraction of one percent of the material expend- 
ed during the pulse. 

As an alternate example, it is assumed that a clump of particles may be ejected as 
fo at e d in 

this way could be considerably larger in size. Assuming that half of the total mass used 
during a pulse (about 0.5 milligram) is ejected in the form of 10 solid pieces, the average 
dimension of each piece would be about 0.35 millimeter. White hot pieces this large would 
produce bright traces in the plume. Since the actual traces observed with graphite elec- 
trodes a re  relatively inconspicuous, it is concluded that the mass lost in  solid form is small 

Graphite in particular has some exceptionally favorable properties. At a pressure 
of one atmosphere, it sublimes at a temperature of around 3550°C (168°C above the melting 
point of tungsten). Since no melting occurs, the erosion takes place smoothly with little 
spitting, and a uniform electrode geometry is maintained which is essential if  the electrodes 
a re  to be progressively fed. 

The life of graphite electrodes is enhanced by unusually good resistance to thermal 
shock. This results primarily from low values of the modulus of elasticity and the coeffi- 
cient of thermal expansion. In a section on thermal shock in  Chapter 5, Reference 9 $tates 
that, "Of all the temperature resistant nonmetallic materials available, carbon and graph- 
ite have the best overall thermal shock resistance." Reference 10 reports that graphite 
specimens at about 1560 "C have been quenched in water without damage, but that spalling 
has been obtained by quenching in liquid sodium. The same reference shows values of the 
parameter k SI'CY E ,  where 

k = thermal conductivity, 

S = tensile strength, 

CY = coefficient of thermal expansion, and 

E = modulus of elasticity 

for graphite and a number of refractory oxides and carbides. On this basis, graphite is 
shown to be superior to the next best material (titanium carbide) by a factor of 166. When 
a similar comparison is made between graphite and tungsten, the parameter is found to be 
nearly the same for the two at room temperature. The comparison is more favorable to 
graphite at higher temperatures because graphite increases while tungsten decreases in 
strength. However, the application of the parameter to metals is questionable. Although 

46 



brittle at room temperature, tungsten develops fairly good ductility when heated, and can 
probably undergo a greater amount of yielding to  relieve thermal stresses.  The major ad- 
vantage of graphite over tungsten from a thermal stress standpoint is that graphite may be 
cooled by ablation and is therefore not subject to the high thermal s t resses  that result from 
the strong conductive cooling necessary in tungsten electrodes. This feature is undoubtedly 
the principal reason for the very successful history of graphite electrodes in commercial 
arc furnace and 1 t source applications. 

T of 
electrode losses come close to supplying the heat needed to provide the flow of electrode 
vapor required for propellant. Power and propellant flow cannot be independently controlled 
except in an indirect manner by regulating the heating o r  cooling of the electrodes. An elec- 
trode material with a low value for the heat of vaporization would provide a large flow of 
vapor and would tend to operate a t  a low specific impulse unless the electrodes were heavily 
cooled. On the other hand, electrodes with a high value for the heat of vaporization would 
tend to provide high values of specific impulse. The heat of vaporization of graphite is on 
the high side, s o  this material is most suitable when a specific impulse of high value is de- 
sired. This fact  is illustrated in Figure 6 of Reference l which shows the ratio of the heat 
of vaporization to the kinetic energy in the jet as a function of jet specific impulse for a num- 
ber of materials. Although many materials have heats of vaporization that would be suit- 
able for lower specific impulse operation, none have been found with characteristics that 
would make them as appropriate as graphite for use as consumable electrodes. If opera- 
tion at low specific impulse is required, the use of graphite with an additive propellant may 
be preferable to the substitution of an alternate electrode material. However, in most cases 
it is expected that a high purity graphite will  be preferable, both from the standpoint of 
achieving a high specific impulse and to provide a fairly uniform vaporization rate during 
the pulse. Graphite is commercially available with only five parts per million of impurities 
and may be obtained in spectroscopically pure grades if required. 

Returning to the subject of space simulation, graphite has an exceptionally low vapor 
pressure, and can be expected to condense readily on the cool walls of the test chamber and 
vacuum system. Figure 27 shows vapor pressure as a function of temperature for tungsten 
and the elements in the f i rs t  two rows of the periodic table. 
$ten in vaporization temperature, and to be well above the other low atomic w 

Carbon is seen to rival tung- 

lant shows that a large fraction of the propellant expended collects on the chamber walls 
rather than being carried into the vacuum pump. Unfortunately, the accumulation of elec- 
trode vapor deposits will eventually affect the insulating characteristics of the test cham- 
ber. It will undoubtedly be necessary to clean the interior walls of the chamber periodically. 
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Carbon has other important advantages of a less glamorous nature. The material 
is inexpensive, readily available, and easily machined. Its properties are well known and 
documented, and there is an extensive background of experience with graphite electrodes. 
Unless inhaled in quantities experienced by coal miners, the material presents few threats 
to health o r  environment. Finally, having an atomic number of 6, it has a relatively low 
atomic weight which may be of some advantage for operation in a wide range of specific 
impulse. 

is  in grades of 
a wide range of physical properties. Several grades have been used in the test program to 
date and significant variations in the spitting that can be observed in the plume have been 
noted. It is believed that continued studies will  be useful in determining which grades give 
the greatest electrode life. The thermal conductivity of graphite is of particular interest 
since this property affects the temperature gradients and thermal s t resses  that develop in 
the electrode as well as the heat loss to the electrode and the amount of heat remaining for 
vaporization of propellant. Electrodes with high thermal conductivity will  provide more 
cooling and will  operate at lower specific impulses. For this reason, pyrolytic graphite 
appears to be a material that should be carefully investigated. 

Pyrolytic graphite provides a wide range of thermal conductivities - normally a fac- 
tor of several hundred to one, depending on how the crystal structure is oriented. However, 
the thermal conductivity parallel to the planes decreases fair ly  rapidly with increasing 
temperatures. Figure 28 shows estimated temperature profiles near the end of cylindrical 
electrodes with the end maintained a t  vaporization temperature for a pulse duration of one 
millisecond. Profiles are shown for a conventional high density graphite and for pyrolytic 
graphite oriented in two ways. The cooling betwem pulses is assumed to be adjusted for 
each case so that the initial electrode temperature is 2000°C below the temperature of va- 
porization. It is shown that the temperature gradient and the amount of heat flowing into 
the electrode during a pulse may be varied by a factor of five or  six by choosing the orienta- 
tion of pyrolytic graphite. For example, for  an electrode one-half inch in diameter, the 
heat loss associated with the temperature profiles shown is about 178 joules per pulse when 
the heat flow is  parallel to the lattice planes, but reduces to 32 joules per pulse when the 
heat flow is normal to the lattice planes. Since the heat given up in the electrode fall region 
is expected to be several hundred joules, a substantial amount of heat remains for vapor- 
izing the electrode tip to produce propellant gas. The choice of e 
geometry can be 
fic impulse at which the unit will operate. 

trol the amount of material vaporized and t 

The temperature profiles shown were obtained from Chart 1 of Reference 11. The 
calculation involved the simplifying assumptions of uniform thermal properties throughout 
the material, the sudden application of vaporization temperature uniformly across the end 
of the electrode, and negligible dimensional change due to  erosion during the pulse. This 

49 



2000 

1500 

n u 
Y 

0 1000 
& 

E-r 
I 

500 

0 
5 

Figure 28. Estimated Temp 

simplified model is presented to illustrat 
of conditions. 

Although the use of pyrolytic g 
complications, The material must be 
ter ratio is limited by thermal stress 
evenly along its principal dimensions 
parts of the desired shape and lattice 
small machined segments together to achieve the desired results. It w 
necessary to find a configuration in  which the thermal stresses that de 
operation tend to 

pulse, and control of the 
vaporized during a pulse 
ductivity and low therma 
quirements can be satisfied to some extent by using pyrolytic graphite and carefully selected 
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electrode geometries. To a first approximation, the heat loss can be limited to the value 
that occurs unavoidably due to flow along the path followed by the electrical current (see 
Section 4.4). 

4.3 Electrode Vapor Acceleration 

The potential performance advantages associated with the use of consumable elec- 
trode vapor for propellant can be clarified by considering the manner in which velocity is 
imparted to the propellant. The two mechanisms available fo r  accelerating the propellant 
in an MPD thruster are thermal effects which involve heating the gas to a very high tem- 
perature followed by expansion 
which are given by the relation 

in a physical o r  magnetic nozzle; and self field effects, 

The thermal effects a r e  normally most effective at low specific impulses. 
gies are required, the losses associated with a purely thermal expansion become prohibi- 
tive. However, these losses become less on a percentage basis a t  high power levels and 
might be dramatically reduced if an effective magnetic nozzle could be developed. Excep- 
tionally high power levels a r e  certainly available in  pulsed MPD thrusters, and there is 
reason to believe that an effective magnetic nozzle action is obtainable from the self field 
alone in thrusters that use electrode vapor as the propellant. There is therefore a renewed 
interest in  the feasibility of thermal acceleration effects in high performance thrusters. 

As higher ener- 

In thrusters that use electrode vapor as the propellant, the vapor is introduced 
directly into the hottest part of the a rc  foot. 
enters a t  high temperature and is exposed to the a r c  discharge immediately which provides 
for relatively uniform ionization of the material, improves the stability of the discharge 
at  low pressures, and improves the effectiveness of electromagnetic forces. 
advantage is that the material evaporating from the cathode surface enters a high pressure 
region of the arc .  The electrical discharge is highly concentrated in the cathode spot re- 
gion which leads to a strong pinch effect and a high initial pressure. 
into a lower pressure region, the expansion converts thermal energy to directed kinetic 
energy which augments the acceleration due to self field forces. 
trated magnetic nozzle action is provided by the self field in a very localized region near 
the cathode spot. An external field coil is not required. but the gas pressures generated 
can be much higher than would be feasible even with large h y external fields. However, 
the self field magnetic nozzle action can be fully utilized only when the propellant is intro- 
duced directly into the a rc  foot where pressure from the pinch effect is greatest. 

This has the advantage that the propellant 

A second 

A s  the gas moves 

In effect, a very concen- 
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At this point i t  is necessary to recognize that thrust produced by a self field mag- 
netic nozzle is closely related to the usual self field forces. In fact, the thrust forces pro- 
duced by the nozzle are identical to the self field forces, and a r e  already included in the 
self field force equation. The only distinction is that the magnetic nozzle action recovers 
energy that went into ohmic heating (a resistive voltage drop in the arc) while the remain- 
ing thrust is produced by purely electromagnetic action which increases the a r c  voltage by 
the back emf effect. It is useful to make this distinction as it permits the feasibility of re- 
covering thermal energy to be recognized. 

To take full advantage of the magnetic nozzle action it is necessary for most of the 
propellant to be introduced from the cathode rather than the anode. This is because the 
cathode spot has a high current density and a strong pinch effect, while the anode foot tends 
to be more diffuse. Experiments with consumable electrodes show that the amount of pro- 
pellant evaporated from the anode can be controlled over a wide range by modifying the 
electrode geometry, while the contribution of the cathode tends to be independent of elec- 
trode geometry. 
when they may be needed less.  This situation might be remedied by using cathode additives 
with a lower heat of vaporization, o r  by using a geometry with reverse polarity and intro- 
ducing a mechanism for concentrating the current density at the anode foot. Focused laser 
beams o r  electron beams might provide a means for increasing the conductivity of the gas 
in the anode fall region in a limited surface region. Notice that concentration of the a rc  
foot for the center electrode is also shown to be advantageous in the self field force equa- 
tion, A small a rc  foot is equivalent to a small inner electrode radius which increases the 
radius ratio term which in turn results in increased thrust force. 

Thermal effects a r e  therefore most effective at high specific impulses 

To assist  in  evaluating the importance of thcrmal effects, preparations a r e  being 
made to calculate ideal nozzle performance with carbon gas assuming equilibrium condi- 
tions at the nozzle inlet, frozen flow through the nozzle, and no losses in the nozzle. 
information is available on the thermodynamic properties of carbon gas (see, f o r  example, 
References 12 and 13). but since magnetic nozzles can operate at  very high temperatures. 
it may be desirable to extend the calculations to higher temperatures. If this is found to 
be the case, calculations of thermodynamic properties will  be extended to higher tempera- 
tures than those for which data a r e  now available in the literature. Depending on the inlet 
temperature, carbon will be present in various states of molecularity, and each of these, 
as well as various levels of ionization, must be included in the calculations. 

Some 

4. 4 The Plasma Head and Triggering System 

The thrusters tested s o  far on th is  program have used the conventional coaxial elec- 
trode geometry. 
uous feeding of the electrodes) may suggest other configurations. 
f i rs t  phase of the work the proven coaxial geometry has been retained. 

In the future the need for extremely long life (and consequently of contin- 
However, during this 



A coaxial plasma head is illustrated schematically in Figure 29 with a front elec- 
trode generally used as an anode (A) and a back electrode generally used as a cathode (C). 
The energy storage unit is connected across these two terminals and its discharge or  trig- 
gering can be obtained in a great variety of ways going from a direct short circuit of two 
terminals to low voltage, high voltage, high frequency or even laser discharge initiation. 
In many of these cases a third electrode called the triggering electrode is used as shown 
schematically in Figure 30. 

Trigger 
Ele ctr  ode 

A+ 

Figure 29. Schematic of a Figure 30. Schematic of a Coaxial 
Coaxial Plasma Head Plasma Head With Triggering Electrode 

The practical design of these plasma heads is not very different from conventional 
units with the exception that for an experimental program with pulsed operation the thrust- 
e r s  a r e  designed to carry very high instantaneous currents and to accommodate a large 
variety of electrodes with the minimum amount of modification. Figures 31 through 35 
illustrate the design of the five plasma heads that have been used for most of the tests. 
The electrodes of these units are capable of operating with currents greater than 50 kilo- 
amps. Figure 31 (Plasma Head No. 2HV) uses a high voltage triggering signal and has no 
moving parts; Figure 32 (Plasma Head No. 2) requires movement of the triggering elec- 
trode to form a contact and cause the discharge of an auxiliary low voltage capacitor; Fig- 
ure 33 (Plasma Head No. 1) is the same geometry as Figure 32 but of reduced dimension 
and shortened electrodes; Figure 34 (Plasma Head No. 3) operates without a trigger elec- 
trode using an electromagnetic actuator to push the two main electrodes together; Figure 
35 (Plasma Head No. 4) shows the same geometry as Figure 34 but with a triggering elec- 

iled description of the various triggering systems will follow in 

Although systems have been available for triggering the a r c  discharge since tests 
were initiated, there has been a continuing need for improvement; not because it was par- 
ticularly difficult to start the arc, but because of various interface problems that arose as 
attempts were made to refine the test procedure and to operate with repeated pulses for 
extended time periods. Vacuum levels of the order of lo'' torr are possible between 
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2 ,, ... 

1. Anode Carbon Tip 8. Cathode Terminal 
2. Cathode Carbon Tip 9 .  Insulator 
3. Trigger Carbon Tip 10. Anode Terminal 
4. Anode Front Plate 11. Trigger Base 
5. fnsulator 12. Insulator 

de Connection 13. Ts t 

Figure 31. Plasma Head No. 2HV 
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1. Anode Carbon Tip 
2. Cathode Carbon Tip 
3. Trigger Carbon Tip 
4. Anode Front Plate 
5. Insulator 
6. de C 
7. 
8. Insulator 

9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 

Trigger Connection 
Trigger Terminal 
Insulator 
Anode Terminal 
Trigger Fix. Terminal 

Figure 32. Plasma Head No. 2 
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1, 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

Anode Carbon Tip 
Cathode Carbon Tip 
Trigger Carbon Tip 
Anode Tip Holder 
Front Anode Connection 
Magnetic Armature 

Anode Terminal 

10. 
11. 
12. 
13.  
14. 
15. 
16. 
17. 
18. 

Cathode Terminal 
Cathode Nuts 
Cathode Copper Holder 
Insulating Plate 
Cathode Insulator 
Insulator Block 

Coil Windings 

Figure 33. Plasma Head No. 1 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 
8.  

Anode Carbon Tip 
Cathode Carbon Tip 
Anode Holder 
Cathode Holder 
Anode Front Plate 
Anode Outside Connection 
Insulator 
Cathode Terminal 

9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 

Cathode Support 
Insulator 
Anode Terminal 
Coil 
Insulation 
Cathode Outside Connection 
Flexible Connection Holder 
Flexible Copper Connection 
Cathode Holder 

Figure 34. Plasma Head No. 3 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 

Anode Carbon Tip 
Cathode Carbon Tip 
Trigger  Carbon Tip 
Anode Holder 
Insulator 
Anode Front  Plate 
Cathode Front  Plate  
T r igge r Connect ion 
Anode Outside Connection 
Insulator 

11. Cathode Connection 
12. Coil Connection 
13. Insulator 
14. Anode Connection 
15. Cathode Outside Connection 
16. Insulator 
17. Coil 
18. Insulating Support 
19. Cathode Holder 

Figure 35. P l a sma  Head No. 4 
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pulses, and the interelecuode distance needed to obtain discharges at an acceptable voltage 
level with this condition is of the order of a few hundred microns. Even with this relatively 
small distance the peak voltage required for triggering is from 10 to 30 kilovolts. This 
high voltage requirement leads to two types of difficulties; the high voltage discharge may 
occur at other locations in the circuit, o r  tne discharge will introduce serious interference 
effects with instrumentation leads. 

ration of the electrolyte in the condensers. In addition, the higher pressure inhibits arcing 
and makes it easier to construct circuitry that will operate trouble free. However, diffi- 
culty was experienced with arcing between the triggering circuit leads and it was found nec- 
essary to strengthen the enclosure to permit a gas pressure of one atmosphere (see Sec- 
tion 5). 

Arcing can also occur within the thruster at other locations than across the elec- 
trode tips. After repeated use, electrode erosion may increase the gap between the trig- 
gering electrodle and the anode and cathode. At the same time, vapor from the electrodes 
may deposit on the insulating material making it easier for the discharge to follow a path 
along the insulator surfaces. Alternately, since the triggering gap is so small, small par- 
ticles of material from the electrodes could lodge across the gap shorting out the path for 
the triggering discharge. 

Radio frequency interference effects became evident as soon as routine measure- 
ments were started with instrumentation leads extending into the torsional ballistic pendu- 
lum. The effect was initially severe enough to spoil most of the recordings obtained. 
Carefully constructed shielding of the circuits involved failed to eliminate the trouble and 
it became evident that the noise source would have to be reduced if accurate traces were 
to be obtained. A series of experimental triggering circuits followed, the most successful 
of which are described below. 

The initial triggering system (Figure 36) was based upon a chain of successive trig- 
gering circuits which energize a tesla coil primary, The high frequency, high voltage in- 
duced in the tesla seco 

th@ sity of 
r y  was capable of crossing the vacuum gap of the trigger elec- 

able and reproducible operation over the complete range of vacuum levels and main capaci- 
tor bank charging voltages required. Unfortunately, the system produced intense radio 
interference effects and also seemed particularly subject to secondary failures due to the 
inadequacy of the high voltage insulation under the intense high frequency field created. 

At this point it was decided to eliminate the high frequency feature, and the circuit 
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Figure 36. High Voltage High 
Frequency Trigger 

I IE HIT 
1 L 

Figure 38. High Voltage 
Pulsed Trigger 

Figure 37. High Voltage DC Trigger 

Figure 39. Low Voltage 
Electromechanical Trigger 

illustrated in Figure 57 was developed and tested with encouraging results, A rectified 
d. c. high voltage supply was used to charge the auxiliary capacitor, C1, which was con- 
nected to the trigger electrode, T. As soon as the d. c. sparking voltage was reached, the 
discharge of C1 initiated the discharge of the main capacitor, C3. This system was used 
successfully but was f ause the relatively d. c. 

S 

t, the circuit shown in Figure 38 was tried for applying a ly powerful 
high voltage pulse to the triggering electrode while minimizing the portion of the circuit 
exposed to the high voltage. The reliability of the system proved to be excellent. The only 
feature still causing concern was the high voltage insulation required for the triggering 
electrode. A special head designed for high voltage operation was tested extensively with 
good results. 
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The difficulties experienced with the high voltage triggering circuits that have been 
tried stimulated the development of the new triggering system illustrated in Figure 39. 
With this system the triggering electrode, T ,  is moved until it is brought in electrical 
contact with the anode. The low voltage capacitor, C2, connected to the triggering elec- 
trode discharges producing an intense spark capable of triggering the discharge of the main 
capacitor, C3. Capacitor C1 is used to create the mechanical pull needed to move the 

been, avoided, and the repetition rate has been found adequate for quasi-steady testing. No 
interference of any kind has been detected with this design to date. The reproducibility of 
the main discharge pulse patterns has been verified with superimposed oscillographs. Fig- 
ures 40 and 41 show respectively the initial high voltage and low voltage experimental heads 
which were used for the tests described. 

A simpler variation of the low voltage electromechanical trigger is also being tried. 
In this configuration the center electrode is movable and provides the triggering action (see 
Figure 42). The separate triggering electrode and the separate capacitor to provide the 
triggering discharge are both eliminated with this arrangement. Several variations of this 
scheme may be obtained by reversing the polarity and by moving either the anode o r  cath- 
ode to provide a triggering action. 

The triggering action can be initiated either manually o r  automatically. The switch 
can be closed manually using a pushbutton on the operating panel, o r  a timing device can 
be activated that closes a parallel switch repetitively at an interval selected to allow com- 
plete recharging of the main capacitors. The arrangement of the timing circuit is shown 
in Figure 43 for the case with a low voltage electromechanical trigger. The capacitor C1 
is charged at a controlled rate through a resistor. The switch is closed when the voltage 
across the capacitor reaches a predetermined value. This could be done with a silicon 
controlled rectifier, but at present a relay energized by the voltage across the cagacitor 
is being used. The contacts are normally held open by a spring that resists the solenoid 
force until the selected voltage is applied. 

All the plasma heads used in our tests have standard electrodes easily interchange- 
e and especially des 

various tttypestt are listed in the associated tables and column. Column "M" refers to 
the grade of material used and the other columns refer to the dimensions. Model 1 is un- 
satisfactory when carbon is used because of frequent breakage in the threaded part; Model 
2 has a metal thread and is used exclusively for carbon; Model 3 has a wide conical part 
that assures a very good contact between the carbon insert and the metal holder; and 
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igh Voltage Triggere 

Figure 41. Low Voltage Triggered 
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Figure 42. Triggerless Electrode Contactor 

c 2  

Pus hb 
manual 

n Switch to initiate 
repetitive triggering 

d.c .  input 

Figure 43. Circuit for Initiating the Triggering Action 
(Electromechanical Trigger) 

63 



3pe  
1 
2 

__. 

B 
25 
27 

- 

- 

M A 
c5 19.0 
c5 12.7 

Model 1 

D E  
- 

C 

60 
40 

- 

- 

i 

'ype M 
1 C5 

C 

12.7 
- A 

15 
A B  
19.0 
12.7 
6.3 

Model 3 

4 
4 
2 

D 

19 
- 

Type M A 
1 c5 19.c 
2 c5 12.1 

- 

1 
2 
3 

- 

- 
B 
25 
25 

- 

- 

- 
C 

90 
90 

- 

- 

M 
c5 
c5 
c5 

- 

Model 4 

Figure 44. Back Electrode, Dimensions in Millimeters 
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Model 4 is practically the same except that it is used to test high power density small area 
electrodes while still assuring a satisfactory contact with the metal holder. Data on the 
evaporation rate of a number of electrodes are presented in Section 4.5 with the electrodes 
identified by model, type and polarity. 

Figure 45 illustrates four geometries of front electrodes. These have also been 
gradually improved during th 
geometry (Model 8) has a conical form that assures a very 

trode in recent tests. 

Figure 46 illustrates four geometries of triggering electrodes used in the head 
shown in Figure 41 to give low voltage triggering obtained through the action of an electro- 
magnetic actuator. Due to the relatively low current discharge used to obtain the trigger- 
ing effect, these electrodes demonstrate a long life with satisfactory operation. 

Table II gives some information on the types of carbon used in the tests and to be 
used in future investigations. Types .C5 and C6 have been used more frequently than the 
others. Types C2 and C9 will be used in the future. A photograph of some of the electrodes 
is shown in Figure 47. 

TABLE TI 

PHYSICAL PROPERTIES OF CARBON AND GRAPHITE 
USED FOR ELECTRODES 

c1 
c 2  

c 3  

c 4  

c 5  

C6 

c 7  

C8 

c 9  

Density 

g/cm3 

1.61 

1.90 

1.45 

1.60 

1.79 

1.84 

1.79 

1.88 

1.88 

Impurity 

PPm 

6 

6 

6 

6 

200 

25 0 

25 0 

500 

5 

-- 
Resistivity 

a/cm x IO-' 
8 

0.63 

1.17 

5.08 

0.63 

1.77 

1.77 

1.77 

1.62 

1.77 

Porosity 

% 

25 

16 

31 

25 

23 

23 

23 

17 

17 

Thermal 
Expansion 
l 0 9 . C  

2.6 

3.4 

8.4 

2.7 

2.5 

2.5 

2.5 

2.7 

2.7 
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Figure 47. Models and Types of Carbon Electrodes Used in Tests 

4.5 Calibration and Measurements 

The purpose of this part of the work is to study the ablation patterns and evapora- 
tion rates of a number of electrode geometries using different grades of graphite at vari- 
ous energy levels. Each test consists of a series of pulses of identified shape, duration, 
and amplitude (as recorded during the series). Measurements were made of the difference 
in weight before and after the tests for all the electrodes in the plasma head. These weight 
measurements were then used to determine the evaporation rate of the electrodes. 

For identification purposes all the electrodes are  marked with a code with two groups 
of digits preceeded by a polarity sign. The first digit or group of digits indicate the model 
of the electrode (as, for example, is indicated in Figure 44), the second digit or group of 
digits indicate the sub-model o r  type of the electrode (which generally identify the particu- 
lar material used and the dimensions). For example, the electrode code q ' - 2 / 2 q q  is a cath- 
ode of type 2 of Model 2 in Figure 44, which is of carbon C5 and has a i- 

meter of 12.7 m , and a total length of 90.0 millimeters. 

The precision and reproducibility of the weight loss measurement is very important 
to reduce the number of pulses required for each series. Considering that the evaporation 
of material for each pulse varies from a small fraction of a milligram to one or two milli- 
grams, the scale must be sensitive to changes of a fraction of a milligram to obtain a use- 
f u l  measurement without having to f i re  thousands of pulses during each series. For this 
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reason a high precision direct reading analytical scale has been used with a sensitivity of 
0.03 milligram which permits standard number of pulses in a series to be reduced to 100 
or even 50. 

In making these precise measurements it was found that all graphites a re  hygro- 
scopic and absorb water vapor from the atmosphere, producing an apparent variation of 

Although a great variety of samples, geometries and qualities of materials have 
been tested, much of the data were taken before techniques for maintaining the desired ac- 
curacy were fully developed. The results selected for reporting are believed to be of fair 
accuracy, but must still be considered preliminary. 

Table 111 shows the results obtained with some of the most commonly used electrodes. 
Most of them use the front electrode as the anode. Configurations with and without separate 
triggering system were tested. It is-interesting to note that the evaporation of the cathode 
when used a s  the back electrode varies from 1/10 to 1/4 of the anode evaporation when the 
anode is used as the front electrode, However, if the polarity is reversed, the evaporation 
from the cathode and anode is found to be about the same and the total evaporation is four 
times higher than the total evaporation with normal polarity. The consumption of the trig- 
gering electrode is very small and probably can be considerably decreased by improve- 
ments in design. It is also interesting to note that a substantial increase in evaporation 
(or at least of erosion) was obtained when the a r c  was triggered by direct contact of the 
main electrodes. This effect must be seriously stvdied, especially in conjunction with the 
thrust measurements which should give an indication of how effectively the additional elec- 
trode material is utilized as a propellant (see Section 4.2). This triggering system appears 
to be giving satisfactory performance, but two questionable aspects must be investigated. 
There is some indication that spitting is heavier when contact is made between the main 
electrodes. It will be necessary to examine the contact areas of the electrode surfaces to 
see if unusual erosion patterns appear after a long ser ies  of pulses. The other question 
concerns the plume pattern at the time that the a rc  is initiated. Carbon deposits in the in- 
terior of the thruster suggest that initially part of the plume extends downstream from the 

1 

types of a r c  tri 

4.6 Test Results on the Plasma Head 

The measurements reported in the preceding section (4.5) cover a wide range of 
geometries and show some interesting trends that will require further study and testing. 
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Unfortunately, some of the measurements did not take into consideration the absorption of 
moisture that was found to have an affect on the accuracy of the results. The scatter in the 
data between test runs made on the same configuration is evidence of this. It is natural 
that with the experience obtained during this series of measurements and with the precau- 
tions dictated by this experience, future data will be much more reliable and precise. The 
conical geometry used for some of the electrodes (see Figures 44 and 45) assures a better 

for  the anode and 0.1 milligram for  the cathode). It will be of interest to make additional 
tests using this stable thruster design with a variety of electrode geometries and graphite 
grades. 

The relative rates of evaporation of the different types of electrodes have been dis- 
cussed in the preceding section, but it is of interest to assess  the energy cost to vaporize 
this material. The energy delivered to the electrodes ranges from 2000 to 2500 joules. 
The heat of vaporization for carbon is about 50 joules per milligram. Since the amount of 
material vaporized per pulse is between 0.5 and 3.0 milligrams, we find that the vaporiza- 
tion energy is only a few percent of the total pulse energy. The electrode fall region loss 
is usually much greater than this which suggests that the cooling of the electrodes between 
pulses is effective in reducing the rate of evaporation. The ability to operate with small 
quantities of vapor is desirable because it permits operation at high specific impulses. 
However, if the low vaporization rate is caused by a low electrode surface temperature at 
the beginning of the pulse, it may result in an uneven rate of vaporization during the pulse 
which would be detrimental to the efficiency. More refined instrumentation might be used 
to evaluate this effect. Optical techniques for examining the plume appear to be must prom- 
ising since fast response instruments in the thruster would be subject to serious interfer- 
ence effects from the a rc  discharge. 

It has been noted earlier that a r c  voltage is measured back some distance from the 
tips of the electrodes. Actually, connections a r e  made to the metal electrode holder rather 
than to the graphite. 
cially for the earlier electrode designs. For example, back electrode Model 1.2 is one- 
half inch in diameter and nearly one inch in length. When the electrocal resistance of this 

The difference introduced in the readings is by no means trivial, espe- 

d, we reach the disturbing conc 
ted for in terms of r 

trodes used initially were simply too small to carry the high currents required without ex- 
cessive loss. This condition was remedied in the later designs with the conical contact 
surface that provides a much better current flow path between the metal conductor and the 
a rc  attachment point. This design change shows up in the performance figures for elec- 
trode Models 8.1 and 4.1 which show a marked reduction in voltage and increase in current. 
The a rc  appears to have an impedance of around 2.0 milliohms rather than 5.0 milliohms 
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as was indicated by the earlier measurements. This effect may explain the lower vapori- 
zation rates observed with the earlier electrode designs. If a large fraction of the energy 
is dissipated as 12R loss more ar less uniformly within the graphite, there is less energy 
available for concentrated heating at the arc  attachment point. To obtain a better measure- 
ment of the arc  impedance, it is planned to attempt the attachment of the voltage leads at a 

ent of the true arc 

value of a rc  impedance is known, electrodes with an acceptable resistive loss can be de- 
signed. 
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5.0 THE THRUST MEASURING SYSTEM 

5.1 Thrust Measure on High Current Pulses 

As pointed out in Reference 1, page 27, a number of difficulties are associated with 
the measurement of thrust when very high currents (in our case from 20 to over 50 kiloamps) 
are supplied to the thruster during a short pulse. 

between adjacent conductors which can alter the thrust readings. Furthermore, if  sensors 
a re  used in the immediate proximity of the thruster, it is difficult to shield the transducer 
circuit adequately from the strong signals generated by the pulsed a rc  discharge. 

For this reason a decision was  made at the beginning of the program to assemble 
the thruster and its complete power supply in a compact, rigid package, to be suspended 
inside the vacuum tank with the aid of a long steel ribbon. The unit is designed so that the 
thruster exerts force in a tangential .direction which imparts an angular movement to the 
suspended platform, which can be calibrated in terms of total impulse. The action is that 
of a torsional ballistic pendulum. Theoretical analysis of its behavior can be found on page 
28 of Reference 1, and in Section 5.4 below. 

Early studies with the prototype ballistic pendulum when operated outside of the vac- 
uum chamber presented no serious difficulties. This promising experience may have led 
us to underestimate the difficulties involved in making a similar instrument operational in- 
side of the vacuum chamber. The obstacles that have now been encountered have resulted 
in a considerable delay in the test schedule. The principal difficulties a re  discussed below. 

First of all, the torsional pendulum must operate in an environment with pressures 
as low as l om7 torr .  The operation must be controlled from outside so that variations can 
be made in such parameters as pulse power and repetition rate. Furthermore, the thruster 
electrodes must be removed frequently for weighing and for exchanging them with modified 
designs. It is well known that with a large vacuum tank (especially a vacuum tank made of 
insulating material) a period of days may be required for outgassing each time the cham- 
ber is opened if operation a t  extremely low pressures is required. This is seen to be com- 

ance of the tests has been of concern for some time. The solution that has been adopted 
is the relatively simple and practical setup illustrated on page 38 of Reference 1. 

With the aid of a special cylindrical tool having a diameter slightly greater than that 
torr vacuum, disconnect the plasma of the plasma head, it is possible to penetrate the 

head and carry it outside the tank, without altering the vacuum level. The system 
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performed satisfactorily during the early part of the program when the need to change the 
thruster did not occur as frequently as has been the case more recently. The increased 
frequency of change and the need to provide access for  newly developed heads of different 
dimensions, led us to redesign and improve the primitive system. Also, modifications 
were made to permit a more rapid change. The delay required by these improvements 
will be more than compensated for by more rapid performance of future tests. 

The advantages of the system for  withdrawing the plasma head from the vacuum tank 
C ivefy 

gest gains from the use of the system are expected to be realized when the program begins 
to concentrate on the rapid testing of a large number of thruster configurations. In the early 
part of the program much of the effort was expended on the development of a satisfactory 
pulse generating network, triggering system, instrumentation and calibration systems. 
Work on any of this equipment which is housed in the vacuum chamber requires opening of 
the chamber for modifications to be made. This has caused progress to be slow for this 
part of the development. Delays are particularly serious in the case of equipment housed 
in the canister. To gain access to this equipment it is necessary to open the vacuum tank 
and withdraw the complete canister which successively must be opened, modified, resealed, 
re-entered in the vacuum tank, resuspended on the torsion member, and retested. The 
vacuum chamber must then be closed and evacuated. This activity represents a loss of 
many days and of an exceedingly high number of man hours. An operation of this type is 
particularly difficult in our case because of the small diameter (20 inches) of the only man- 
port available to enter the tank. The improvement of this access is badly needed (especi- 
ally if  the 20-kilojoule bank is to be suspended in the vacuum tank). However, an ideal 
solution which is being seriously considered would be to design a method for  withdrawing 
the canister which would be similar to the one already developed for extracting the plasma 
head. The diameter and length would, of course, have to be considerably larger to handle 
the entire canister without opening the vacuum tank; but the exposed surface area that would 
require outgassing after each use would still be small compared to that involved when the 
full chamber is pumped down. This solution appears to be practical and its cost appears 
to be relatively modest. With this arrangement, either system could be used, depending 
on the circumstances, to obtain the best utilization of the labor and time for conducting the 
necessary tests. 

As reported in the preceding sect , equipment has b put in service for separa- 
ting certain routine t urement of thrust. Such parame- 
ters as pulse shape and evaporation rates can be rapidly determined without disturbing the 
torsional pendulum. These auxiliary measurements a re  conducted on plasma heads identi- 
cal to the ones assembled on the torsional ballistic pendulum, but the leads a re  rigidly 
mounted on special gliding tubes that can penetrate the vacuum chamber without influencing 
the vacuum level. The operation of penetration or  withdrawal can be accomplished in a 

s from tests that require the m 
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fraction of the time required when the unit is mounted on the pendulum and the system is 
more reliable and easier to use. 

5.2 The Torsional Ballistic Pendulum 

The torsional ballistic pendulum consists of a pressurized gas tight canister sus- 
pended by a thin strip of metal that acts as a torsional spring (Figure 48). The canister 
houses the pulse generating network with associated circuitry and prevents excessive evap- 

tion of the canister following a pulse or  series of pulses. The basic arrangement is essen- 
tially the same as described in Section 3.7 of Reference 1. Modifications that have been 
made since then include strengthening of the canister to withstand higher internal pressures, 
the addition of a number of electrical leads connecting to the canister, and the introduction 
of a new calibration system that is more suitable for use with the test chamber evacuated. 

in C i r 

Leads to the canister are required to provide the following functions: d. c. power 
for charging the capacitors, main discharge oscillograph triggering signal, triggering dis- 
charge oscillograph triggering signal, a rc  current and voltage measurement, manual trig- 
gering of the discharge, and thermocouple connections for internal temperature measure- 
ment. These leads leave the canister through sealed bulkhead fittings and attach at equal 
spaces ,about the circumference of a ring located at the bottom of the canister on the pivot 
axis (Figure 49). Each lead hangs in a long loop and reattaches to a second larger ring that 
is concentric with the first but supported from the bottom of the vacuum chamber. Figure 
50 shows the front plate of the canister with three massive terminals for the high current 
pulse output and for triggering (center). The small terminals at the left are to energize 
the triggering electrode magnet. Any kind of plasma head can be connected to the main 
three terminals when the vacuum tank is opened. Also, provision has been made for an 
alternate receptacle that can be connected to the same three terminals. This receptacle 
is for use with the penetrating tool which permits the installation and removal of plasma 
heads without loss otvacuum. Plasma heads with mating fittings must be used in this case. 
Figure 51 show? the back plate of the canister with most of the operating terminals. Fig- 
ure 52 shows how the pendulum can be twisted without interference with the ring connections. 
Figure 53 is the blocking and freeing mechanism acting as  the back part of the canister. 
Figure 54 is a schematic of the electrical circuit of the ballistic pendulum setup. L is the 

farads). Two separate wires (C and N) carry the charging current which varies with the 
rate of charge from a fraction of an amp to over 10 amps. The capacitor C1 (1000 micro- 
farads) supplies the triggering discharge and is charged through a separate connection (K). 
Two toroidal coils (L1 and L2) supply separate triggering signals, slightly separated in 
time, to the oscillograph - one (L - M) from the main discharge which is useful when two 
terminal heads are used, and one from the triggering discharge (F - G) which occurs 
slightly sooner. A coaxial shunt (S) supplies a voltage proportional to the current (1 volt 

and mutual inductance connecting the storage capacitors C ( ut 60,000 micro- 
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Figure 48. Demonstration of Free  
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per 5000 amps) (D - E) and two separate connections (A - B) are used to measure the volt- 
age as near as possible to the discharging electrodes. Leads H and J are connections 
to the pulsed triggering solenoid located in the plasma head. Terminals P - Q and R - S 
are connected to thermocouples located inside the canister to monitor the internal tempera- 
ture. The connections between the fixed and movable ring are indicated w i t h u  lines. 

repeatability is maintained for rotation of the pendulum about its axis. The heaviest leads 
used are for charging the capacitors. To recharge a 54,000-microfarad capacitor bank to 
400 volts at 2-second intervals requires an average current of 10.8 amps. This current is 
supplied through a pair of No. 24 AWG stranded copper leads. The leads are insulated with 
ceramic beads to permit high temperature operation and they reach a dull red temperature 
during continuous operation in a vacuum. Initial tests with the ballistic pendulum have been 
limited to sequences of a few pulses which keeps the wire temperature at a more moderate 
level. (Longer series are run on the separate thruster mounts without thrust measurement.) 
The flexible lead arrangement is shown in Figure 49. The deflection of the torsional ballis- 
tic pendulum is measured in degrees of a rc  on a scale fixed to the canister. A total of 20 
degrees at each side of a zero line is visible and the distance between each degree is 10 
millimeters. The reading is determined by the projected image of a straight filament on 
the scale which is movable to permit easy adjustment of the zero line. 

The internal pressure of the canister is one atmosphere absolute and is measured 
by a precision altimeter type barometer which is used to indicate possible leaks at stabi- 
lized temperature or excessive heating of the internal circuitry. 

To check the calibration of the torsional pendulum from time to time without releas- 
ing the vacuum in the chamber, a modified calibration method has been introduced. It con- 
sists of a pulley and weight with arrangements for lowering and lifting the weight with a 
remotely controlled device so that a thread with the known weight attached can be made to 
pull on the thrust plafform for a timed interval. The calibration starts with the pendulum 
latch engaged and the weight supported on the plafform. After the latch is released, the 
platform is lowered to a stop and the weight begins to pull on the pendulum. As the pendu- 

weight is applied and the maximum angular deflection of the pendulum. This approach is 
intended to provide a quick and accurate calibration while the chamber is evacuated. The 
tendency is to use a very small weight so that the interval during which it is applied can 
be long enough to time accurately. For this reason a pulley with extremely low bearing 
friction is required. This problem will be discussed further in Section 5.4.  
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A change has been introduced in the manner in which the ballistic pendulum is used. 
It was  originally considered desirable to introduce all of the pulses of the series during one 
swing of the pendulum to minimize the effect of damping action. However, when the pendu- 
lum was installed in the vacuum chamber, the torsional damping at low amplitudes was 
found to be extremely small - even with the instrumentation leads connected. It has been 
found advantageous therefore to apply one pulse for each swing of the pendulum. With this 

ing a new test series. A maximum amplitude reading (plus and minus) is taken before the 
series is started and again after enough pulses have been applied that the amplitude differ- 
ence (which may be either positive or negative) can be read with satisfactory accuracy. 
The technique is somewhat analogous to that used with an analytical balance or an ultra 
sensitive mirror galvanometer. The procedure eliminates uncertainties as to whether the 
pendulum was brought precisely to rest before initiating a new series. The instrument 
sensitivity and the calibration method are not affected by this change in procedure and the 
measurement precision is increasedi 

The suspension of the ballistic pendulum in the vacuum tank is designed to permit 
easy observation of the plume for photography and spectroscopy. Pictures from the sides 
at right angles to the jet, from the top, from the front and from the back can be taken. To 
do this special windows with transparent material that can be cleaned without losing the 
tank vacuum are used. One window is used exclusively for a single shot movie camera 
which is operated automatically by the triggering signal so that it photographs the plume 
during each pulse. The standard sequence of about 100 shots produces 100 frames which 
can be projected one by one or continuously in a movie-like succession. In the latter case, 
slight differences between pulses can be easily detected. 

5 . 3  New Design for 20 Kilojoules 

In the early planning for this program, a ten-fold increase in the size of the old 
pulse generating network (2000 joules) was contemplated. This would increase the stored 
energy from the original value to 20 kilojoules. However, because of physical limitations, 
it has since been decided to limit the maximum energy available in the torsional pendulum 

operated either with or without the measurement of thrust. Some of the problems and pos- 
sibilities are  described below. 

As was discussed in Section 3.2, one of the major problems which arises when the 
energy of the pulse is increased is that a reduction in the internal resistance of the connect- 
ing power leads is required. An effective way of accomplishing this would be to reduce the 
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distance of the connection between one capacitor and the next, but this would require the 
construction of completely different capacitors and for this reason cannot be adopted. With 
existing capacitors, the distance between connections is already close to a minimum with 
existing designs. The increased energy can be used in dgferent ways (increased voltage, 
current and/or pulse duration) depending on how the capacitors are connected and what 

must be incr 

50 percent of the nominal power so that up to 10 kilojoules can be made available in the a r c  
discharge. 

Considering a nominal capacity of 1000 microfarads each, the energy available at 
400 volts is about 80 joules per capacitor so 250 capacitors are needed to reach 20 kilojoules. 
The area occupied by a single row of capacitors occupying 9 inches2 each is 250 x 9 = 2250 
inch2 or  14,500 cm2. If the bank is divided into two sections of 125 capacitors each and the 
terminals a re  placed one against the other, it is possible to make two rows with the best use 
of the mutual inductance. The rated'charge of the electrolytic capacitors which we have 
been using is 450 volts. However, the capacitor bank is housed in the torsional pendulum 
canister where accessibility for repair is a problem; so, until now, the operating voltage 
has been limited to about 400 volts to assure maximum reliability. Since no capacitor fail- 
ures have been experienced throughout a rather lengthy test program, it is now considered 
feasible to utilize the full rating of 450 volts. This would increase the energy stored about 
20 percent, or to about 100 joules per capacitor. In this case the number of capacitors re- 
quired to reach 20 kilojoules is reduced to 200. 

Considering that the best orientation for the electrolytic capacitors is vertical and 
that the existing access opening to the test chamber is only 20 inches in diameter, the ar- 
rangement of the capacitor bank from an end view must be very nearly the same as that 
presently in use. To increase the stored energy by a large factor it is necessary to either 
cluster a group of canisters of the present size or increase the diameter of the access open- 
ing. The latter is clearly a more desirable solution since a single large canister could be 
completely assembled and checked out before installation. As an example of the canister 
size required, one of the best configurations considered in a preliminary study uses 222 

0 t. 
Improved arrangements of conductors connecting the capacitors would be used to reduce 
resistive losses while increasing the inductance obtainable per length of conductor by mak- 
ing use of mutual inductance effects. The canister would be suspended from a torsion mem- 
ber in  a manner similar to the one presently used with the 5000-joule unit. The operating 
voltages would be 112, 225, 330 and 450 volts to store about 1250, 5000, 10,000 and 20,000 

c 
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joules respectively. It is anticipated that the pendulum period can be maintained at about 
the same value presently used and the plasma head designs will be nearly unchanged. An 
order of maqnitude increase in the rate of evaporation is expected, however. 

5.4 Analysis of Torsional Pendulum Respollse 

of 
dtx d Reference I$. Fo 

Define 

8 =  

- Fe - 

e, = 

k =  

I C =  

T =  

a =  

- 
16 - 

angular displacement from null position 

applied torque 

torsional spring constant = Fe/ee 

equilibrium displacement under static torqve r Fe/k 

moment of inertia 

natural period = 2n JIc/k 

mean angular velocity = 

= applied impulse Fe tp 

The general equation of motion 

has solutions for the displacement, 

A e = @ s i n  (at + a) + 8e 

and for the angular velocity, 
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A 8 = [ (et - 8,) 2 + ty-]1/2 - 

where et and 6, a r e  the position and angular velocity at any time, to, and 
8, and do are their values at t = 0 .  

cia1 cases are to the techniques of meaSur 
and calibration actually e 

a) Free-swinging pendulum (8, = 0) 

A e = eo sin (cut + @) 

Q = cos (cut + 'p) 

cu et cos cut, - it sin cut, 

cueisin cub + 6t cos cub 
60 - -  tan @ = 
60 

(5) 

b) Constant torque applied to pendulum initially at rest (eo = 8, = 0) 

8 = Cree sin cut (11) 

which are simply sinusoidal oscillations of amplitude 8, about a displaced 
equilibrium position, 8 = 8,. 

4 Impulsive torque, 16 = Fe tp , tp << T 

ents, the impulse changes the angular velocity 
io to io + A 8 ,  where of the 

I f  the pendulum is initially at rest at 6 = 0 ,  the subsequent motion is simply 
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6 = a@1 c o s a t  

which differs from (15) by exactly the free swinging amplitude (9): 

@ -  = 8, a 

In other words, the incremental change in amplitude resulting from the impulse 
i8 independent of 8,  : 

Thus, a succession of equal impulse increments, each applied to the pendulum 
as it swings through 8 = 0 ,  (hereafter termed "resonant pulsing"), will drive 
it to a cumulative amplitude which depends linearly on, the number of pulses. 
This is a useful property for the precise determination of very small impulse 
bits, 8s discussed in the following section. It also follows that application of 
the impulses as the pendulum passes through 8 = 0 in the negative direction, 
i. e. on its back swing, will reduce the amplitude in the same linear proportion 

d. Protracted impulse: Fg = const, 0 C t < tp; Fe = 0 , t > tp 

If the impulse is applied with the pendulum at rest at 8 = 0 , rehtions 
t = tp pr 

8p = Be (1 - COS atp) (19) 

Using (8), the phase angle of the free swing becomes 
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1- cos atp 
tan CP = - 

sin atp 

and the amplitude, from (9), becomes 

.. 

Note that @ increases from 0 to 26, as tp extends from 0 to T/2, for 
given Fe . If protracted beyond T/2, the applied torque opposes the pendu- 
lum motion, and the subsequent free swing amplitude is reduced. (In the very 
special case of tp = T ,  the pendulum would execute just one cycle of the forced 
motion (lo), and be returned to its original starting position with zero velocity, 
hence would oscillate no further.) Note also that in the limit tp -+ 0 , the 
expression for %’ is identical to that derived for the impulsive torque case 
(15), when 16 is replaced by Fetp. The ratio of (22) to (15) can be regarded 
as a correction factor to relate protracted impulses to the ideal cases: 

The correction exceeds one percent for (Y tp > 0.49 , i. e. for tp 0.078 T . 

5. 5 Calibration and Measurements 

The torsional ballistic pendulum can be calibrated while it is installed in the vacuum 
chamber using the pulley and weight arrangement shown schematically in Figure 55. Since 
the instrument is very sensitive, it is affected by slight air currents and an accurate cali- 
bration is difficult to obtain outside of the chamber. Furthermore, changes in thruster 
weight, the weight of equip ister, or the arrangement of leads con- 

e 
releasing vacuum in the chamber. 

combination of applied weight and duration of its application are de- 
termined by trade-offs among the various accuracies of measurement, and the characteris- 
tics of the pendulum behavior as developed in the preceding section. Ideally, one would 
like to keep the duration of application of the calibrating force well below 5 percent of the 
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Pulley 

Remotely Actuated Platform 
for  Supporting the Weight 

Figure 55. Schematic of Calibration of Torsional Thrust Stand 

pendulum period to avoid the need for protracted impulse correction. For the 145-second 
period of this pendulum, this translates into a duration of only a few seconds. which for 
this primitive apparatus would entail relatively large e r ro r s  in timing associated with re- 
lease and capture of the weight. 

As a compromise. we have initially employed a one gram weight applied for 10 sec- 
onds, during which the pendulum moves about 60 minutes of a rc  from its zero position. 
which is about 20 percent of its ultimate excursion to an amplitude of 285 minutes. In addi- 
tion to requiring a small protracted impulse correction. this displacement is large enough 

that the damping coefficient of this pendulum is not a consta t reduces substan- 
tially below m e  degree. thus providing further incentive to operate with very small deflec- 
tion. 

From the preceding findings it is  evident that the ballistic pendulum can be operated 
with best results if  its maximum excursion does not exceed 100 to 120 minutes, or still  
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better, if it does not exceed 60 minutes or one degree of arc. It is apparently preferable 
to sum the effect of a small number of pulses to keep the damping e r ro r  small. The scale 
for a one degree deflection can easily be split into 100 parts with good reading precision. 
By keeping the amplitude small during all of the measurements, it is possible to retain the 
desired reading accuracy, to eliminate the need for a complicated correction factor and to 
keep the operation in the low damping regime so that resonant pulsing or  repetitive applica- 

It was originally intended that calibration and thrust application be done starting at 
the "proven" zero reading of the pendulum. It is evident observing Figure 56 that the pen- 
dulum oscillations stop by themselves only after a very long time, and auxiliary devices 
for stopping the pendulum have been found to be troublesome. The best method found to 
date for stopping the pendulum is the application of precirsely controlled negative thrusting 
forces until complete immobilization is achieved. This can be done relatively easily with 
a few measured pulses when the thrusting forces a r e  well known, Measurement from an 
absolutely zero position has merits and can be achieved when adequate time is available 
for the operation, but in most routine tests the resonance pulsing method (which does not 
require complete zeroing of the pendulum) has been found to be preferable. 

Figure 57 illustrates how thrusting forces of extremely low values can be easily 
measured and compared by using a large number of successive pulses. For example, to 
reach the same impulse obtained with a single pulse at 400 volts, it is necessary to apply 
about 20 pulses at 100 volts. By applying the same impulses during negative swings, the 
amplitude of the pendulum can be reduced until a perfect stop is obtained. 

For calibration of the instrument, pendulum deflections are taken following applica- 
tion of a one gram weight for 5, 10, and 20 seconds. The measured increase in amplitude 
of 285 minutes following the application of one gram for 10 seconds is used for this test 
series,  When pulley friction is allowed for, the corresponding sensitivity is 31.7 minutes 
per gram second. In performing the calibration, the weight is applied in the thrust direc- 
tion starting when the pendulum is at  the zero position and continuing for the selected time 
interval. A method is needed for applying the weight at precisely the desired point in the 
swing of the pendulum. W e n  methods have been devel 
aP rable to make 
for calibration as well as for testing of the thrustsrs. 

Many thruster tests have been conducted using the "resonant pulsing" technique. 
Identical pulses a r e  applied repetitively once per swing exactly when the pendulum crosses 
its zero line in the positive or  negative direction. The pulse adds to or subtracts from the 
amplitude depending on the direction of swing. It has been found that the amplitude changes 
in equal repeatable steps which gives a check of the reliability of the method of measurement. 
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Figure 57. Pendulum Amplitude in Minutes of Arc vs Voltages and Number of Pulses 

Some improvements are clearly required in the present calibration system. A ma- 
jor problem has been that the pulley presently in use introduces a friction force which is 
measured to be about 100 milligrams. This introduces an uncertainty in  the measurements 
of impulse as well as the calibration because after the weight is removed, the amount of 
slack in the nylon thread between the pulley and the pendulum depends on the history of mo- 
tion of the pendulum. The effect is illustrated in Figure 55. If the pulley friction were 
negligible, this problem could be avoided by leaving a small weight hanging from the thread 
continuously. Since it is considered desirable to be able to perform a calibration with a 

illigrarns o r  even 100 mil 

of pulley bearing types that have low friction becomes more feasible if the pendulum ampl- 
tude is limited to a sqall value. An increase in the pulley diameter would also be helpful. 

An alternate approach would be to use a relatively long thread attached to the pen- 
dulum at one end and a fixed point at the other, and having a weight at its mid point. No 
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pulley would be used, so the problems of pulley friction and pulley unbalance would be elim- 
inated, Experiments with an arrangement of this type show that repeatable results can be 
obtained with very small weights. The main drawback is that the variation in the horizontal 
component of force acting on the pendulum must be calculated and allowed for in the C a l i -  

bration. 

Yet another possibility, and perhaps the most vi e one, involves the inclusion of 
a sensitive calibrated linear spring at the juncture of the horizontal thread with the rear of 

out, and one could read the true applied force directly at the thruster, while the calibration 
was in progress. An improvement to the timing problem could be accomplished using coils 
to apply an electromagnetic force to the pendulum. The action could be initiated either 
manually or  by a photocell to provide application at  a highly repeatable position, and the 
pulse duration could be timed electrically. A system of this type used in combination with 
a carefully regulated d. c .  power supply would provide a total impulse for calibration that 
could be very accurately determined. Since the strength of the pulse could be accurately 
controlled, the system should also be useful for regulating or  stopping oscillations of the 
pendulum. It is planned to conduct experiments with this type of calibration system during 
the next contractual period. 

the . In this way, fr 

Figure 58. InteriQr Spring Method for Precise Calibration of Pendulum 

5 .6  Results Obtained with the Thrust Stand 

The program with the complete instrumentation ne 
performance has been initiated and some preliminary performance data are available. 
Most of the effort to date has been expended in reaching the point of having an operational 
propulsion system and thrust stand suitable for determining the performance of electrode 
vapor fed quasi-steady MPD thrusters. The results that can be presented at  this time a r e  
still tentative, and are  intended primarily to demonstrate the viability of the facility, the 
propulsion system and testing techniques. 
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The ballistic pendulum appears to be performing very nicely in the high vacuum. 
Since the instrument was enclosed in the chamber, the zero reading has shown no tendency 
to drift and impulse measurements obtained from identical thrust pulses repeat very pre- 
cisely. It has been found that the most precise results can be obtained with the smallest 
amplitudes compatible with the need to measure the deflection accurately. Even with 17 
flexible leads connecting to the canister, the damping effect is extremely small if the am- 
plitude is kept small. Because of damping effects, it appears that deflections over f 2 
degrees of a r c  should be avoided, and the instrument should be designed to permit good 

cy with these small  d tions. (As work con , it is r e 
the reading e r r o r  from its present value of 5 minutes of a r c  to less than one minute of a r c  
simply by viewing a finely divided reticule with high magnification. The sensitivity of the 
pendulum is about 32 minutes per gram second, so with the improved readout it should be 
possible to measure impulses of around 25 to 30 milligram seconds (less than one-tenth of 
a millipound second). The "res'onant pulsing" method of measurement would permit the 
detection of pulses of the order of 10 micropound seconds o r  less using a ser ies  of 50 to 
100 pulses fired successively.) 

Even though the instrument has demonstrated good sensitivity and repeatability, all 
of the desired performance checks have not yet been made and the measurements of impulse 
now being obtained must be considered preliminary. A great deal of care has been taken 
to minimize electromagnetic interactions during a pulse discharge. The induction coils a r e  
arranged about a vertical centerline and the test chamber is made of insulating material. 
Even so, the discharge current is high enough that tests should be made to assure that the 
remaining interactions can be neglected. It is planned to do this by operating a plasma 
head with a "thrust killer" type of baffle at the exit. An appreciable response of the instru- 
ment would require further modifications to minimize electromagnetic effects. 
performance check that is needed is concerned witk the effect of eddy currents of gas in the 
chamber on the pendulum. These a r e  believed to be small because of the low ambient pres- 
sure  and the tendency for the carbon gas to condense rapidly on the chamber walls. How- 
ever, the canister has a large exposed surface area that could be influenced by small eddy 
effects, A check should be made by operating a thruster which is located in the approxi- 
mate position that it would be in if mounted on the pendulum. However, it would be attached 
to a separate mounting rather than to the pendulum. It would be preferable to make this 
check with the metal parts that a r e  normally installed in the canister removed to avoid a 
false response due to electromagnetic interactions. An appreciable response of the pendu- 
lum would indicate the presence of aerodynamic interaction effects and require the installa- 
tion of baffles to shield the canister. When these checks have been completed and the ac- 
curacy of the calibration system and the readout system has been improved, the measure- 
ments obtained with the torsional pendulum can be considered precise. It is believed that 
this type of instrument can give very satisfactory results and that it can be adopted for use 
with other types of thrusters with a wide range of pulse durations including "continuously 

A second 
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operating" thrusters with limited and known operating times, and even fully steady thrust- 
ers of modest thrust. 

In planning the tests for determining the rate of electrode consumption, it was de- 
cided to operate the thruster for enough pulses to provide a total mass ablation of about 50 
milligrams at the full power operating condition. The parts are weighed on a Mettler H15 

pheric buoyancy of about 7 milligrams. It was concluded that the small changes in buoyancy 
due to atmospheric variations could be neglected. However, the change in moisture con- 
tent with humidity is another matter. The hygroscopic properties of graphite vary with the 
grade, but in some cases the increase of mass due to moisture may be quite rapid and 
amount to a large fraction of one percent on a humid day. This could introduce e r rors  of 
the order of 50 milligrams in extreme cases. The original intent was to weigh the parts 
quickly after high temperature operation in the vacuum chamber. However, experience 
indicated that a variable amount of moisture was being picked up in the time required to 
disassemble the equipment and weigh all of the parts involved. In any event, the early 
measurements did not repeat well. More recently a technique has been developed for bak- 
ing the electrodes to dry them thoroughly before weighing. The parts are weighed while 
still warm to avoid letting them pick up moisture again. The electrodes a re  suspended 
from a fine wire to avoid heating the balance parts, but this still represents a compromise 
because the warm parts can set up thermal currents in the balance enclosure. A small 
error of this type is acceptable if a procedure can be developed that consistently introduces 
the same er ror  each time the part is weighed, since we are interested in an accurate meas- 
ure of weight difference. A desiccator in which the parts could be placed while cooling 
would probably be very helpful. At present, each measurement is performed many times 
and results a re  accepted only if good agreement is obtained. With care, it seems to be 
possible to obtain measurements that repeat within f 1 milligram. However, we have not 
yet had enough experience with the method to know how accurate the weight differences 
already taken are,  so for the time being the results must be considered preliminary. It 
may be found necessary in the future to move the balance and the oven into a room with a 
controlled low humidity or  to greatly increase the number of pulses made before reweigh- 
* . An effort will be made to avoid the latter soluti 

of can be tested dur 
garding the effect of increased electrode consumpti 

Another effect that became evident in the early tests is that the rate of electrode 
consumption is strongly dependent on electrode geometry, the grade of graphite used and 
the polarity of the electrodes (as well as on the energy expended per pulse). The effect is 
evident in Table Ill (p. 70) which shows as much as six to one variation in propellant consumed 
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per pulse (if change of polarity is included) although all of the tests were made with the 
same capacitor bank and the same initial charge level. In general, it is encouraging to 
find that the designer does have this much control over the electrode consumption rate be- 
cause this probably allows him to choose the specific impulse at which the thruster will 
operate within fairly broad limits. It does, however, become necessary to take a certain 
amount of care in conducting a test to replace electrodes before erosion changes the geom- 

t combination of 

The effect of polarity on the performance of MPD a r c  jets with coaxial electrodes 
has been the topic of much discussion, but little quantitative information is available. The 
situation is further complicated when the electrodes have the additional function of supply- 
ing the working fluid. It was  found during the tests that the total evaporation is more than 
doubled if the center electrode is used as the anode rather than the cathode. Tests a r e  not 
complete on this configuration and we do not know yet what impulse changes accompany this 
change in propellant mass. The completion of this test ser ies  is one of the first tests 
planned when the program is resumed. If good performance can be obtained with reverse 
polarity, this might be a very attractive configuration for a thruster using consumable 
electrodes. It is logical to expect that most of the evaporation would occur on the center 
electrode which would be the anode and therefore have the greatest fall region heat loss, 
while at the same time the a rc  attachment point would be more concentrated. If most of 
the evaporation could be made to occur from the center electrode, this would simplify the 
electrode feeding problem since a center rod can be readily advanced to make up for ero- 
sion. The results in Table 111 confirm that the center (or back) electrode has a relatively 
slow evaporation rate while it is used as the cathode, and that the rate increases markedly 
when the polarity is switched. A surprising result is that the consumption of the front elec- 
trode (which becomes the cathode) increases also - although a smaller amount. This effect 
is not understood at present and will  require further investigation. 

During some of the tests when a ser ies  of pulses were made, oscilloscope record- 
ings were taken of the signal given by one of the ionization gages that measure test cham- 
ber pressure (see Figure 59). Note that the signature of the pressure gage, although some- 
what distorted in comparison to the current waveform, has an almost identical length to its 

into the vacuum tank. It is possible, therefore, that this device can be adapted to yield 
systematic information about the mass consumption of the thruster on a shot-to-shot basis, 
and possibly on the process of carbon condensation on the vacuum chamber walls. A know- 
ledge of this condensation is of particular interest since it strongly affects the degree to 
which space conditions a r e  simulated. It seems likely that a more careful measurement 
of the pressure pulse signal (perhaps at  several positions in the test chamber) and a better 

positive response phase, suggesting that it is indeed responding to the S 
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Figure 59. Arc Current, Voltage, and Vacuum Tank Pressure During One Pulse 

understanding of the significance of the signal could provide additional information on the 
time history of propellant evaporation and on the structure of the plume during a pulse. 

No evidence of a rc  instability was noticed during these tests even though the thrust- 
e rs  were operated at high values of current and low values of mass flow. This suggests 
that the introduction of propellant directly into the a rc  by vaporization of material at the 
a rc  attachment point may have a beneficial affect on a rc  stability which permits smooth 
operation at high values of specific impulse even when storable propellants of relatively 
high molecular weight are used. 

The first series of measurements of propellant consumption and thruster impulse 
are presented in Table IV. For the various reasons discussed earlier, the data in this 
table must be regarded as preliminary and subject to later revision. Nevertheless, certain 
patterns are apparent here which may merit a few remarks. In particular, there a re  some 
striking uniformities in various properties over a rather large range of pulse energies: 

1. 

2, 

The efficiency of energy transfer from the capacitor line to the electrodes (Col- 
umn 11) is 67 f 3 percent, over the entire range tested. This is an unusually 
high value for quasi-steady experiments and indicates that the impedance is 
well matched, and there are minimal losses within the line. 

With the exception of the 100-volt case, the impedance of the discharge cham- 
ber (Column 8) is a constant at 0. 
ably involves marginal operation of the discharge, in view 
voltage developed across the electrodes is less than twice the extinction value 
for this current, and indeed is less than the full extinction voltage for most of 
the other cases.) arcs in this current 
range, but it is very important to note here that this particular arc head is sus- 
ceptible to large internal resistance in the electrodes themselves, In view of the 

impedance is typical of 
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3. 

relatively poor conductivity of carbon and the long current paths through the 
electrodes, it is estimated that at least one-half of the indicated impedance is 
contributed by the solid elements of the thruster, and only the remainder by 
the a rc  itself. This suspicion is supported by previous Table III which shows 
a rc  impedances (including the electrode resistive loss) that f a l l  between 3.5 

which tends to verify that a large fraction of the voltage drop is in the electrodes 
and can be reduced by improved design. The actual a r c  impedance is no doubt 
less than 2 milliohms for these tests, which means that a great deal of care 
must be taken in the design of the conducting path in order to keep the energy 
actually expended in the a r c  high. 

This power loss in the electrode resistance clearly must detract from the effi- 
ciency of conversion of input p w e r  into thrust, and may account in some por- 
tion for the low values of Columns 13 and 14. 

The mass consumption (Column 5) is quite low by conventional quasi-steady 
MPD standards,(15) which results in a surprisingly high specific impulse (Col- 
umn 15). The ratio of consumed mass to the square of the a rc  current is nearly 
constant at about gm/KA (including the 100-volt case), which transcribes 
into a J2/& parameter of about 1200. This is one order of magnitude higher 
than one would expect based upon the critical velocity model of Malliaris applied 
to gaseous carbon (see Figure 14 of Refereme 15), but is in closer accord with 
experience on other vacuum arcs, (I6, 17) Refinements in mass measurement 
techniques may eventually modify these numbers somewhat, but their order of 
magnitude, and the scaling with J2 are not likely to change. 

2 

4. The low efficiencies of this first thruster (Columns 13 and 14) have two obvious 
sources, and probably others. We have already mentioned the resistive losses 
in the carbon electrodes which consume at least half of the input power meant 
for the discharge. This loss is readily reduced by redesign of the a rc  head. 

erence 18): 

F 2  -(In$+:) IJ 4n J2 
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and recognizing that in this thruster ra = rc = 1/4", we might expect a thrust 
of 

F (newt) = 0.075 J2 (KA)2 

or 

F (gm) = 7.6 J2 (KA)2 

whence, for our 1.1 millisecond pulse, an impulse of 

I (mgm-sec) = 8 . 4  J2 (KA)2 

This calculation is tabulated in Column 20, and Column 21 presents the ratio 
of the observed impulse to this ideal value. Again, all but the 100-volt case 
agree on a common value: the thruster develops only about one-third of the 
ideal electromagnetic impulse. The cause of this is most likely connected 
with a discharge pattern that is even less favorable to thrust production than 
that assumed in the model. Whether this implies an azimuthal nonuniformity 
(spoke), attachment of the current on the upstream shoulder of the cathode or 
some other configuration is not evident but clearly indicated is an experimental 
survey of electrode geometries to optimize thrust for a given discharge current. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The major results of the work described in this report are listed below. 

1. It has been found feasible to operate quasi-steady MPD thrusters in a vacuum 
chamber that is maintained at a pressure below 
graphite electrodes to supply the propellant and manipulating tools to avoid 

torr  by using consumable 

he 

so that the gas surrounding the plume is initially in the free molecular flow 
regime (which was the desired goal). It has not yet been determined whether 
pressure waves reflect from the chamber walls as the plume expands or whether 
most of the carbon atoms condense on the walls at the first collision. The ans- 
wer  to this question has a strong bearing on how well space environmental con- 
ditions are simulated during the pulse. 

2. Arc pulses which operate with nearly constant current during a one-millisecond 
"quasi-steady'' interval can be obtained using an electrolytic capacitor bank 
and an innovative arrangement of the connecting leads that departs from the con- 
ventional ladder type of network, The arrangement provides the desired pulse 
shape in a very light compact package which allows high energy to be stored in 
the torsional ballistic pendulum. The efficiency of energy transfer from the 
capacitor system to the a rc  electrodes is about 70 percent. 

3. Graphite has been found to be an excellent material for consumable electrodes. 
The electrodes ablate evenly maintaining a smooth geometry, the heat of vapor- 
ization is high which results in operation in an attractive specific impulse range, 
the material has good resistance to thermal shock, it condenses readily which 
eases the vacuum system design problem, and thrusters running with graphite 
electrodes operate with no evidence of instability at exceptionally high values 
of the J2/& parameter. These advantages are partially offset by the rela- 
tively high electrical resistivity of graphite which results in high resistive losses 
unless the plasma head is carefully designed to minimize this effect. 

g of the a rc  discharge was 

ates satisfactorily at moderate pressures in the laboratory may be completely 
incapable of operation in space. However, this problem has been largely avoided 
by the development of a triggering system that operates at low voltage and initi- 
ates the a rc  by momentary contact of the electrodes. This development has 
also reduced electromagnetic interference problems in the instrumentation leads. 
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5. Concern that too much graphite would be vaporized by the a rc  (resulting in opera- 
tion at a low specific impulse) has been dispelled by early measurements of the 
electrode consumption rate. The heat of vaporization of the electrode material 
consumed is a small fraction of the estimated electrode fall region loss. The 
electrode consumption rate is also readily controlled by changes in the a rc  cham- 

- 

it is removed for weighing. 

6. The torsional ballistic pendulum has demonstrated adequate sensitivity and ex- 
cellent repeatability now that it is installed in the vacuum chamber. No drift 
has been detected in either the zero reading or the sensitivity. Some additional 
work is needed to be sure  that all interaction effects have been eliminated and 
to improve the accuracy of the calibration and the readout. The damping coef- 
ficient has been found to be very low, particularly at low amplitudes, which makes 
it feasible to apply a "resonant pulsing" technique in which one pulse per cycle 
is applied as the pendulum swings through its zero point. This technique greatly 
enhances the sensitivity of the instrument by allowing a long series of minute 
impulses to be summed. 

7. Performance measurements that have been obtained are preliminary, but appear 
to indicate specific impulses in an attractive range, while the efficiency appears 
to be quite low. A low efficiency was anticipated for the plasma head design tested 
because the calculated resistive loss in the graphite electrodes is more than half 
of the total energy in the discharge. No evidence of instability in the arc  dis- 
charge was noted even though the thrusters were operated at high currents and 
low mass flows. 

8. The a rc  impedance appears to be somewhat lower than had originally been as- 
sumed and the resistive losses in the circuit and in the plasma head parts a r e  
higher than had been intended. Greater care will be required in the design of 
the conducting components to assure that a large fraction of the discharge energy 
is e in arc. 

above results and rience to date, the 
ments and studies are indicated to continue systematic evaluation of quasi-s teady 
thrusters with consumable electrodes: 

a. 
should be improved to permit accurate measurements to be made with small 

The precision of the readout system for the torsional ballistic pendulum 
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amplitude oscillations, and the accuracy of the calibration system for the pendu- 
lum should be improved. Experiments should be conducted to measure electro- 
magnetic and aerodynamic interference effects acting on the pendulum during 
and immediately following a pulse. If necessary, modifications should then be 
made to keep these effects at an acceptably low level. 

b. i P is needed -for weighin 
after tests to avoid errors due to the 

assessment, and no compromise in its accuracy can be tolerated. 

I 

C. The thruster to be tested must have low resistive loss in the graphite 
electrodes. There a re  obvious changes in the design that should be made to 
minimize this loss. Thruster design number three is a step in this direction 
and tests on this unit have been initiated. It is difficult to calculate the resistive 
loss accurately because a complete knowledge of the current density at the a rc  
attachment point and the temperature variation in the electrode is not available. 
However, it is believed that some information can be obtained experimentally 
by attaching voltage measuring leads at locations very close to the arc foot. 

d. 
should shift to the testing of a wide variety of thruster geometries with different 
grades of electrode graphite, different polarities, different operating conditions, 
and different methods of triggering the a r c  discharge. The tests already show 
that the electrode consumption rate is strongly affected by thruster geometry. 
It is important to establish which variables are most effective in changing the 
consumption rate so that the specific impulse can be controlled. The propulsive 
efficiency is also expected to be strongly affected by thruster design and an ex- 
ploration of these effects will be a major part of the effort. In particular, the 
effect of electrode geometry on impulse for a given quasi-steady current should 
be explored, in an effort to optimize the electromagnetic component of the thrust. 

Now that the test facility is beginning to give usable results, attention 

e. Quasi-steady thrusters with consumable electrodes appear to operate 
with a stable a rc  discharge at very high values of the J2/& parameter, but 
the reason for this is not un rstood. Experiments are 

of to 
s for differences in 

f .  When some understanding is acquired of the type of geometry needed to 
obtain satisfactory performance, a study can start of configurations that can be 
adopted for electrode feeding. A wide range of possible geometries can be vis- 
ualized at present, but these a r e  expected to narrow down as information on 
performance becomes available, 
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g* 
as possible monitors of the electrode evaporation rate throughout a quasi-steady 
discharge pulse, and to learn more about the rate of condensation of expelled 
carbon gas on the vacuum chamber walls. 

It may be worthwhile to pursue the use of fast response ionization gages 

h. 

particular, the relative merits of protracted quasi-st 

Finally, it seems important to assess the importance of current pulse 

s, versus short, 
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